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FOREWORD 


The H 2 -O 2 Space Shuttle auxiliary power unit (APU) program is a NASA- 
Lewi s effort aimed at hardware demonstration of the technology required for 
potential use the Space Shuttle. Use of such a system on the Space Shuttle 
would provide significant cost and weight advantages over the current baseline 
desi gn. 

This program is being conducted under the direction of Harry M. Cameron, 
Project Manager. It is a follow-on effort to two study programs conducted by 
NASA-Lewis under Contracts NAS 3-1440? and NAS 3-14408. The results of these 
studies were reported in the following NASA Contractor Reports: NASA CR-2001 

and NASA CR-1994, 1995. 1996, 1997, 1993, and 1928. 

This report is submitted in two volumes. Volume I covers the work to date 
in the design of the APU. Volume II contains the appendixes. Initial activi- 
ties showed that the initial reference APU design could be modified to reduce 
system uncertainties; these analyses for the initial reference system are 
summarized in Appendix A. A new reference system was defined; this design, 
along with that of the test unit, is described in Volume I o :hi s report. 
Appendix B of Volume II contains the steady-state system analysis. 

The requirements of NASA Policy Directive NPD 2220.4 (September 14, 1970) 
regarding the use of Si units have been waived in accordance with the pro- 
visions of paragraph 5d of that Directive by the Director of Lewis Research 
Center. 

Distribution of this report is provided in the interest of information 
exchange. Responsibility for the contents resides in the author or organiza- 
tion that prepared it. 
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SECTION 1 


INTRODUCTION AND SUMMARY 


Two study programs performed under Contracts NAS 3-14407 and NAS 3-14408 
for the NASA-Lewi s Research Center showed a hydrogen-oxygen auxiliary power 
unit (APU) system to be an attractive alternate to the Space Shuttle baseline 
hydrazine APU system for minimum weight. In addition to providing a low 
specific propellant consumption relative to hydrazine, an APU system using 
cryogenic hydrogen has the capability for meeting many of the heat sink require- 
ments for the Space Shuttle vehicle, thereby greatly reducing the amount of 
water or other expendable evaporant that must be provided with the baseline APU 
for cooling. Effective utilization of this cooling capacity requires careful 
attention to design of the thermal management and control provisions. Digital 
computer modeling techniques have b^en developed and applied to handle both 
problems simultaneously. 

This report covers preliminary design and analyses of the current 
reference system and detail design of the test version (APU-T) of this refer- 
ence system. A summary of the test system combustor test results is also 
i ncluded . 

The reference system is intended to be a preliminary design of a flight 
prototype APU. The test system is a close-coupled experimental test version 
of the reference system. The APU-T incorporates all significant reference 
system design features as well as additional options to be investigated and 
includes instrument ition to allow investigation and development of the tech- 
nology required to develop a flight-qualified APU design. It contains 
"flight-type" components, which have appropriate dynamic characteristics and 
have received sufficient evaluation to provide reasonable assurance of being 
qualified for flight appl i cati on wi th some modi f i cati on. 

Early studies performed under NAS 3-14408 yielded a system design that 
incorporated a recycle loop driven by a jet pump *o maximize the amo mt of 
avai lable cooling. The work under the current program started with approxi- 
mately that design. A steady-state digital computer program was formulated 
and a large matrix of flight conditions, power settings, and design variables 
such as turbine temperature, hydraulic cooling load, and system sizing was 
examined. Although these design studies showed the operation of the system to 
be feasible, there were performance prediction uncertainties associated with 
the jet pump operation over a wide range of conditions. A new reference system 
was then studied in which the jet pump was replaced by a new heat exchanger 
called the regenerator, which also maximized the amount of available cooling. 

The feasibi lity studies of this new reference system were based upon a modifi- 
cation of the steady-state digital computer system analysis program. Again, a 
large matrix of operating and design conditions was evaluated. These steady- 
state system design study results were used to define component design 
speci f i cat i ons . 
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The steady-state system computer program then was modified for transient 
analysis. Transients such as starting, load applications and removals, etc. 
were evaluated to define the control requirements and further refine the system 
design. A mathematical model of the control requirements was converted into a 
breadboard circuit design through further analysis and laboratory work. 

The preliminary design of the reference system served as a basis for the 
detail design of the test system. The test system assembly was packaged with 
emphasis on accessibility. Special features were added to the control for 
turbine calibration and system development. In addition, some cost saving 
modifications were made where they would not affect the technical objectives. 

The results of the Task I initial reference system (jet pump) analysis and 
preliminary design are documented in Appendix A, as the initial design is now 
of secondary interest. A tabulation of steady-state computer results appli- 
cable to the current system is included in Appendix B. 

Both appendixes are being published in Volume II, NASA CR-I3V+85. 
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SECTION 2 
REFERENCE SYSTEM 


Reference System Description 

The reference system, shown in fig. 2-1, consists of a propellant feed 
and conditioning subsystem, turbopower subsystem, and control system. The 
propellant feed and conditioning system begins at the outlet of the high- 
pressure propellant tanks and contains all heat exchangers, valves, and the 
combustor. The turbopower subsystem contains a two-stage parti a 1 -admi ssi on 
pressure-modulated 400-hp turbine, a 0- to 4-g lubrication system, ar.d a 
zero-g gearbox with multiple output pads to accommodate two hydraulic pumps 
and an alternator. 

The cold hydrogen is first heated in a hydrogen preheater by hydrogen 
from the recuperator. Secondly, it flows through a regenerator where it 
receives heat from the reentrant hydrogen flow that has been the sink for 
hydraulic pump case drain waste heat. Out of the regenerator both hydrogen 
streams are now between 400 and 460 R, controlled by the preheater bypass 
loop. One stream flows through the hydraulic cooler; the other through the 
lube cooler and the recuperator. The last pass is through the hydrogen-oxygen 
temperature equalizer where the oxygen is conditioned to be close to the 
hydrogen temperature. Except for the flow bypass, one around the recuperator, 
the other around the preheater that acts as flow divider, the hydrogen 
describes a single path through the propellant conditioning system. 

The preheater bypass loop flow is controlled to maintain the lube o : 1 
temperature below the maximum permissible operating temperature, but aboge the 
congealing temperature, and preferably in the range between 650° and 700 R. 

As shown on the temperature schedule (inset in fig. 2-1), when the lube oil 
temperature i s 650 R the hydrogen temperature out of the f i rst preheatgr pass 
will be controlled by an appropriate preheater bypass flow rate to 460°R. As 
the lube oil temperature increases (usually at low power output), the hydrogen 
temperature will be controlled down to 400 R (but not lower, to avoid local 
cc- .eal i ng) . 

The preheater bypass loop flow increases with higher hydraulic and lube 
cooler heat loads. In those cases, most of the preheating will occur in the 
regenerator. The bypass flow also will increase with increasing hydrogen 
fluid temperatures. This is the case with a thermally pressurized supercriti- 
cal tank supply. 

The reference system only provides case drain hydraulic fluid cooling. 

Adi. ' ;ional cooling of the hydraulic fluid can be accommodated by routing the 
hydrogen flow through a full -flow hydraulic fluid cooler and by regenerative 
utilization of the rejected heat in the tank thermal pressurization system. 
This leads to a naturally stable tank pressurization system since the fluid 
withdrawal rates are always directly proportional to the hydraulic waste heat. 

The recuperator bypass loop flow is controlled by the hydrogen tempera- 
ture downstream of the temperature equalizer, attempting to maintain 750 °R 
combustor inlet. At high power levels, the engine operates more efficiently 


2-1 


a 1 


» 



















t A . ..1 



and insufficient heat is available in the recuperator to attain this 
temperature even at zero bypass. Computer simulation shows, however, that 
with 55 R hyarogeg inlet and full power combustor, inlet temperature will be 
no lower than 680 R. 

Each bypass loop is controlled by two butterfly valves, one in series, 
the other in parallel with the heat exchanger throughflow. The two valves in 
each loop are linked electronically so they act 1 i ke a three-way valve. The 
two valve sets are also electronically coupled in the control to prevent unde- 
sirable interaction. It may be advantageous later actually to replace two 
butterflies with a single three-way to achieve system simplification; however, 
the system operation may be more forgiving of single valve failures with the 
present desi gn. 

Two redundant pressure regulators are employed in the oxygen circuit, 
since a single one sticking open would result in an over temperature. They are 
both located downstream of the temperature equalizer in order to maintain 
supercritical pressure and avoid two-phase flow in the equalizer. 

An accumulator is located downstream of the regulators in order to pro- 
vide more equal stiffness in the hydrogen and oxygen control system, compen- 
sating for a somewhat slow pressure regulator response (100 msec). The accu- 
mulator has a dump valve that opens on shutdown signal to vent the oxygen. 

This is an emergency provision in the event of an electrical failure in which 
the oxygen control valve fails in its nearly closed position and the hydrogen 
valve fails open. Without oxygen dump, with both shutoff valves closed, a 
high 0/F would result at the end of the hydrogen run-out. In a later modifi- 
cation, both the accumulator and the dump valve may be designed out of the 
system if fast electronic regulators are substituted for the now specified 
mechanical one. 

A check valve is located downstream of the oxygen accumulator to prevent 
hydrogen backflow into the accumulator during starting, as hydrogen lead is 
used in starting to prevent overtemperature. The hydrogen and oxygen control 
valves are electrically linked in the control. A.i exciter is used to energize 
the o combustor spark plug during start and whenever the turbine temperature is 
100 R below the set point, and the system is turned on. The combustor 
delivers hydrogen-rich combustion products to the turbopower subsystem. 

The turbine is a two-stage supersonic axial -flow design. The Q design 
speed is 63,000 rpm with a turbine inlet temperature (TIT) of 1 960°R using 
V- 57 alloy turbine wheels. The turbine is so designed that it can be retro- 
fitted with U-700 wheels and operated at 70,000 rpm and 2060°R TIT. The case 
drain oil from the hydraulic pumps mounted on the turbine gearbox is cooled by 
hydrogen in the hydraulic oil cooler; the turbine gearbox oil is cooled by 
hydrogen in the lube oil cooler. 

The electronic control functions can be divided into primary and second- 
ary. The primary control functions are to hold the TIT, rpm, and equalizer 
outlet temperature constant by modulation of the hydrogen bypass and control 
valves. The secondary control functions are start-and-stop sequences, over- 
speed (rpm) and temperature (TIT) limits, fail-safe provisions, and automatic 
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shutdown provisions including lube pressure and temperature . hydrogen 
underpressure, turbine overspeed, and control internal monitoring. The 
description of the components design and their function is treated in detai 1 
in the pertinent section of this volume of the report. The system spocifica 
tions are summarized in Table 2-1. 


TABLE 2-1 

SUMMARY OF SYSTEM SPECIFICATIONS 


Peak power: 

Mi nimum power : 

Output pads: 

Turbine speed: 

Turbine inlet temperature: 

Hydrogen inlet temperature to APU: 
Hydrogen inlet pressure: 

Oxygen inlet temperature to APU: 

Oxygen inlet pressure: 

Design life: 

Cooling capability at 400 hp (heat sink 
for hydraulic system): 

Potential cooling with integrated tank 
pressurization at 400 IP: 

Estimated dry weight: 


400 hp gearbox shaft output 

0 hp gearbox shaft output 

2 pump pads at 5.000 rpn. 

1 generator pad at 12,000 rpm 

63.000 rpm +1 percent steady state 

±5 percent transient 

1 960°R 

55° to 560°R 
575 psia 
275° to 5&0°R 
900 psia 

1.000 hr hot operation (900 cycles) 
and 2,000 hr on inert gas checkout 
(600 cycles) 

5.000 Btu/mi n 

1 5.000 Btu mi n 
280 lb 
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Test System Description 


The auxiliary power test unit (APU-T) is schematicall the same as shown 
in fig. 2-1 and is a close-coupled experimental test versio,. of the reference 
system. To allow the investigation and demonstration of the technology 
required for a flight-type APU, special design features and control options 
have been added. 

t Provisions in the controller permit variations in the rpm, TIT, and com- 

bustor pressure to permit initial APU operation to be conducted at moderate 
speeds and temperatures. The capability to improve Q system gfficiency by 
increasing the combustor inlet temperature from 750 to 900 R has also been 
provi ded. 

The APU-T system has been protected through automatic shutdown in the 
event of exceedance of control values or component fai lures that are not 
necessarily critical or do not give cause for shutdown of the flight system. 

The APU-T utilizes all "flight-type 11 " components except as listed below: 

(1) The turbine bearing seal has been changed from a face seal to a 
labyrinth seal with externally supplied nitrogen buffer gas in order 
to avoid seal development. 

(2) An external Ivbe oil pump supplies the turbine and gearbox 

(3) Heat soakback problem at shutdown was solved in the reference tur- 
bine design but was not carried through into the -T turbine since 
lubricant flow from an external source can be maintained after shut- 
down. 

(4) The gearbox has not been designed for zero-g flight capability and 
has two pump pads but no alternator pad. 

(5) The recuperator had to be designed fo; y . uc.-H test in which internal 
pressure is reduced to vacuum end the external one is at the ambient 
pressure of the test environment. 

The APU-T shown in fig. 2-2 was packaged for ease of component and 
instrumentation accessibility and installation, without strict regard to 
weight and volume. The controller is not included in the package because it 
is located in the control room and is connected to the APU-T by an umbilical 
» cable. 


■'"Flight-type" components are similar in size, weight, and dynamic character- 
istics and have received sufficient evaluation to provide reasonable assur- 
ance that they are capable of being qualif : ed for the required flight appli- 
cation with only minor modi f : cati ons. 
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The APU-T assembly is built by brazing the following two major 
subassemblies into a single unit: 

(1) Turbi ne -gearbox-pump assembly, which also will contain the combustor 
and oxygen flow control valves, the oxygen check valve and accumula- 
tor, and the oxygen regulators. All these components will be 
mounted on the gearbox support structure. 

(2) Tf*a heat exchanger assembly, which will include all heat exchangers 
and bypass valves. This assembly includes a separate support struc- 
ture. 

The above two subassemblies then will be combined into the complete APU-T 
by brazing three interface joints: the oxygen line, the hydrogen line, and 

the turbine exhaust duct. The entire assembly will be mounted on a base 
structure that will serve both as a test stand and a structure to support the 
assembly during transit and handling by forklift. 

All joints in the hydrogen and oxygen circuits in the entire APU-T are 
welded or brazed. Some mechanically sealed joints exist in the turbine, 
valves, and certain instrumentation connections. Two hydroformed bellows are 
used in the duct between the turbine discharge and the recuperator to allow 
for thermal expansion. All other piping expansions are compensated by loops 
and bends in the piping. Each heat exchanger is mounted by a single fixed 
point, with other support points flexible to allow for expansion. All compo- 
nents are mounted for a one-g, one-direction environment. 

The APU-T components and piping are so located that there is adequate 
access for instrumentation and application of a l-?n. layer of insulation 
material ( Johns-Manvi 1 le CRF-800 felted refractory insulation) that will be 
applied after preliminary checkout testing. 

The location of the instrumentation is shown in fig. 2-3. 
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SECTION 3 


SYSTEM ANALYSIS 




The system analysis was based on the referenc system, utilizing 
component dynamic characteristics, which were also valid for the tes * 


the 

systems. 


The system was analyzed using a digital computer simulator. The .omouter 
simulator is used in both steady-state and transient analysis to size a- 
evaluate the performance of the various components for the complete syst'm 
operating range. The sizing of the components requires that the >or.lineor 
effects of the components be used, including major second-order component 
effects within the system. 


The resulting digital model must have sufficient transient accuracy to 
permit identification of the system transfer functions. These transfer 
functions are necessary to design the APU control. The resulting control 
design, schematically shown in Fig. 3"1, is mechanized in the simulate" to 
verify stability and predict transient performance of the control interacting 
with the nonlinear system. 


Computer Program Description 

The simulator is constructed using a main subroutine (MAINSR) that reads 
the control data cards. The data cards are of two types: (1) data to be used 

during a solution, and (2) solution types (by-pass, no-bypass, design point, 
off-design). The mode for data (to be used during a solution) is used to 
define boundary conditions or to scale particular components within the system. 
Sol ut ion- type data are used to select the dependent relationships to be 
satisfied and the independent parameters to be manipulated to satisfy the 
dependent conditions. 

The steady-state solutions (fig. 3~2) are obtained by using the boundary 
specified by various data cards and the required conditions for the particular 
solution desired. The main subroutine (MAINSR) then dimensions the matrix 
required for the solution as well as establishing the particular independent 
variables (XEQ) and dependent relations (CLXEQ.) to be used during the solution. 
The next step is to call a subroutine that solves a set of algebraic equations 
using a modified Newtonian technique (NEWTON). This in turn calls an external 
subroutine (SSAPUT) , which is specified in its argument list to determine the 
algebraic relationships between the various independent and dependent variables. 

4 The dependent relations are written in a form that allows NEWTON to drive the 

dependent vector to the origin. 

When the solution has been obtained, control is returned to MAINSR, which 
in turn calls FINAL to print the solution. Finally, MAINSR reads another card 
for instructions pertaining to the next case to be run. 

The two primary uses for steady-stage solutions are (1) initial desiqn 
performance of the system and (2) to set the initial conditions for a transient 
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Figure 3" 1 • — H 2 -0 2 APU Computer Program Notation. 


















Figure 3“ 2. --S imulator Topology. 










solution. Design match (DMATCH) is the first steady-state solution usually 
sought in the simulator program. It allows for a solution where some of the 
variables are the geometric characteristics of the engine. This particular 
option is reprogrammed for various solutions as the design proceeds, and 
finally is eliminated altogether as the APU design becomes finalized. The 
following paragraphs describe the use of the program to determine desirable 
component and system characteristics and design points. 


Flow Control Valve Sizing 

This option was programmed to size the hydrogen flow control valve 
(H2FLCA) and compared the turbine acceleration to a reference acceleration. 

The controlled closure errors were the turbine inlet temperature, turbine 
acceleration, combustor inlet temperature, and the hydrogen temperature at 
the inlet 63,000 rpm, sea level. Solutions were obtained at 1C00 rpm/sec 
intervals (1000 rpm/sec, 2000 rpm/sec, 3000 rpm/sec, etc.) until the flow 
control valves no longer had controllable pressure drop. This set of runs 
was plotted versus time for the turbine to change 1000 rpm against the result- 
ing hydrogen flow control valve area and oxygen flow control valve area. 

The curves (figs. 3-3 and 3“^) show a sharp knee as the pressure drops 
across the valve diminish to zero. This knee is dependent on the pressure drop 
in the system between the propellant supply pressure and the inlet to the 
first-stage turbine nozzle. The location on the curve chosen for the electrical 
valve limit was an area equivalent to 10,000 rpm/sec, with a 350 -hp load. 

This acceleration cannot be obtained at 60,000 rpm because of the constant 
horsepower characteristic of the load, which results in a higher torque require- 
ment at lower speeds. However, sufficient acceleration capability in the 
system exists to provide acceptable response to system transients. 

With the maximum valve area established, the option was run at minimum 
horsepower extraction at minimum altitude to determine the minimum valve areas 
(figs. 3-5 and 3-6). The system was run at various decelerations from -1000 
rpm/sec until the flow control valves become completely closed. The minimum 
electrical limits on the valves were selected to yield a deceleration of 
-5000 rpm/sec. 

The selection of a lower limit for the deceleration as compared to the 
acceleration limit is related to the load characteristics at each operating 
limit. The maximum horsepower end of the spectrum has a load characteristic 
that is primarily determined by the hydraulic pump characteristic. As the 
speed increases, the pump does not need as much stroke to maintain the hydraulic 
oil pressure; therefore, the pump stroke decreases, resulting in a decreased 
torque. The decrease in the required torque for the pump is greater than the 
decrease In the turbine torque due to the increased speed, which makes the 
system open loop unstable. At the other end of the load spectrum, the load 
is determined by the hydraulic oil pump losses and the gearbox losses. This 
load characteristic results in an increasing load horsepower with increasing 
speed, and furthermore , an increasing load torque with an increase in turbine 
speed. The turbine characteristic is similar to the high-power case, but 
is open- loop stable. The range of ope-ation that requires the largest 
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Figure 3 ~ 3 « — Time to Acceleration 1,000 rpm vs 0_ Effective Valve Area 
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adjustment for a corrective change is in the region of open- loop instability; 
thus, the valve ? -aa selected corresponds to 10,000 rpm/sec acceleration 
capability fully loaded and -500 rpm/sec minimum load. 


Bypass Option 

The bypass option is one of the two options used to evaluate the steady- 
state performance of the APU. The option uses four control variables for a 
solution; the recuperator bypass to control the hydrogen temperature at the 
inlet to the combustor, the preheater bypass valve to control the hydrogen 
temperature at the inlet of the hydraulic oil cooler, the hydrogen flow control 
v*lvc to control the turbine speed, and the oxygen flow control valve to con- 
trol the turbine inlet temperature. The remaining fifteen of nineteen vari- 
ables (listed in Table 3-1) ate to satisfy various boundary conditions through- 
out the system. 


No- Bypass Option 

The no-bypass option is used when energy in the system is insufficient to 
bring the temperature of hydrogen out of the equalizer up to 750°R. If a 
bypass option is used for such a case, the dependent variables cannot all be 
satisfied. The recuperator bypass valve area and the flow split recuperator 
bypass valve are dropped from the independent vector. The controlled hydrogen 
temperature at station 58 (fig. 3*6) and the pressure balance at station 50 
between the heat exchanger flow and the bypass valve flow are eliminated from 
the dependent vector. The no-bypass option is needed when the APU hydrogen 
flow has more cooling capability than the system has waste heat to bring up 
the temperature. The system approaches this condition as the horsepower 
output is increased above 250 hp. 

Transient program . — The transient options of the APU simulator were 
developed for the controls analysis work. The options were used to identify 
the control transfer functions of the APU (H2FLCA, 02FLCA, RECYCA, BYPSCA). 

The control verification and the dynamic performance parametric studies were 
used to establish the sufficiency of the various control systems and to study 
the effects of various components on the APU performance (START, TRANS). 

H2FLCA. — Th i s particular option was written to identify the transfer func- 
tions of the speed control. The option is used by first establishing the ini- 
tial conditions of the APU by running a BYPASS or a NO BYPASS solution. This 
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TABLE 3-1 

INDEPENDENT VARIABLES AND DEPENDENT RELATIONSHIPS 


Independent Variable 

Denendent Relationship 

Oxygen flow to combustor 

Hydrogen pressure difference between the injector 
exit pressure and the combustor pressure 

Hydrogen flow to combustor 

c difference between the ombustor flow and the 
flow through the first stage of the turbine 

F.c.icater bypass f'ow 

The difference In pressure between the preheater 
exit and the preheater bypass valve exit 

Hydrogen flow control v«»lve area 

Torque balance between the tuibine and load 

Oxygen flow control valve area 

The temperature error of the hydrogen entering the 
hydraulic oil heat exchanger sr.d the scheduled 
temperature due to lube oil temperature 

Preheater bypass valve area 

The difference between the guessed mixed temper- 
ature from the recuperator and the calculated 
temperature 

Hydrogen temperature at the recuperator exit 

Tha difference between the calculated recuperator 
exit pressure and the guessed 

Hydrogen pressure at the recuperator exit 

The difference between the guessed and the calcu- 
lated temperature of the hydrogbn at the hydraulic 
oi 1 cooler exit 

Hydrogen temperature at the hydraulic cooler exit 

The dlffeience between the calculated and guessed 
pressure of the hydrogen et the hydraulic oil 
cooler exit 

Hydrogen pressure at the nydraullc cooler exit 

The oxygen flow difference between the temperature 
equalizer and the flow control valve 

Oxygen inlet pressure to combustor 

The difference between the first-stage turbine flow 
and the second-stage flow 

Turb’ne Interstage static pressure 

If the exhaust duct Is not choked, the closure 
error between the static pressure at the end of the 
exhaust duct end ambient pressure; If the exhaust 
duct Is choked, matching the corrected flow at the 
Inlet to the exhaust duct compared to the corrected 
flow required to nake the duct choke 

Turbine exhaust static pressure 

The exhaust gas pressure at the exit to the 
recuperator compared wl th the Independent variable 

Recuperator exhaust products exit pressu'e 

Heat balance In the lube oil loop 

Inlet lube oil temperature 

The temperature generated by the combustion of the 
hydrogen and oxygen compared to the desired control 
temperature. 

Recuperator bypass valve area 

The temperature of the hydrogen entering the combus- 
tion chamber compared to the desired controlled 
temperature 

Recupv.'ucor bypass flow 

The pressure et the ex’t of ti.e recuperator bypass 
valve compered to the oressure from the recuperator 
exit 

Inlet hydraulic fluid temperature 

The temperature at the hydraulic pump cate return 
compered to the temperetu-e of the hydraulic mump 
entering the hydraulic cooler 

Oxygen accumulator pressure 

The difference between the oxygen flow through the 
temperature equalizer and the flow through the 
pressure regulator 
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provides a solution with the flow control valves in the correct position to 
balance the load torque and the turbine power. The sysi :m is then perturbed 
by increasing the hydrogen flow control valve 5 percent while holding the heat 
exchanger bypass valves in their initial positions. An ideal turbine inlet 
temperature control is used to manipulate the oxygen flow control valve. Tur- 
bine acceleration as a function of time was used tc determine the Laplace 
transforms that would yield this type of step response. r he transfer func- 
tions were established at various operating points, end a nonlinear element in 
series with the valve (as well as the required transfer functions for the con- 
trol) were determined. 

The H2FLCA option uses a 1 2-by- 1 2 Jacobian matrix during the transient 
portion of the operation. The reduced complexity of the Jacobian is a result 
of some of the independent variables becoming state-variables (described by 
differential equations instead of algebraic equations). Also, the bypass 
controls have been frozen in their last position, which results in a further 
reduction in the Jacobian size (Table 3 - 2). 

Hydrogen accumulation effects. - -The H2FLCA option also was used to 
evaluate the effect of the hydrogen accumulation on the dynamics of the APU. 

To raise the pressure in a heat exchanger, the hydrogen mass in the heat 
exchanger must increase; this is the "gas bag" effect. The model used was to 
calculate the mass of the hydrogen in the APJ from the shutoff valve through 
the hydrogen-hydraulic oil heat exchanger. Then, an accumulation was selected 
that would hold the same mass of hydrogen as the expected p-essure and tempera- 
ture found at the hydraulic oil heat exchanger exit. Thus, the pressure in 
this accumulator and th. pressure out of the hydrogen shutoff valve become 
the boundary conditions, which determines the hydrogen flow from station 26 to 
station 36 within the APU. Similarly, an accumulator was placed between the 
temperature equalizer and the hydrogen flow control valve, which held the 
same mass of hydrogen as the lines «ii ' heat exchangers between stat'on 36 and 
station 58 . The combustor ac c-.~‘ ■ c. was removed from the deck to provide 
a comparison base without dynamics. The base acceleration was a step in 
turbine acceleration from 0 to 2672 rpm/sec. The actual run (figs. 3"7 and 
3 - 8 ) shows that the acceleration peaks initially to 2880 rpm/sec (+7.8 percent) 
and then decoys to 2624 rpm/sec (-1.8 percent) at 5.6 msec. The response 
reaches steady stJte at 16.8 msec. The disturbance from the nominal was very 
small and the Juration is shown, which verified the initial assumption that 
the "gas bag" effect was not significant. 

02FLCA . --The option to identify the characteristics of the system for the 
temperature control is based on the coupled response of the speed control. The 
speed control was mechanized to control the hydrogen flow control valve (fig 3 - 9 ). 
The oxygen flow control was set at a fixed ratio of the hydrogen flow control 
valve. This option is run after an initial bypass condition. The heat exchanger 
bypass valves were held in the initial position during the transient. The 
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TABLE 3-2 

H2FLCA OPTION: INDEPENDENT VARIABLES AND DEPENDENT RELATIONSHIPS 


! I 




Independent Variable 

Dependent Relationship 



Oxygen flow to combustor 

Hydrogen pressure difference between the injector 
exit pressure and the combustor pressure 

Hydrogen flow to 
combustor 


Preheater bypass flow 

The difference in pressure between the preheater exit 
and the preheater bypass valve exit 

Oxygen flow control 
valve area 

The difference between the calculated recuperator 
exit pressure and the guessed 

Hydrogen pressure at 
the recuperator exit 

The difference between the calculated and guessed pres- 
sure of the hydrogen at the hydraulic oil cooler exit 

Hydrogen pressure at the 
hydraulic cooler exit 

The oxygen flow difference between the temperature 
equalizer and the flow control valve 

Oxygen inlet pressure 
to compustor 

The difference between the first-stage turbine flow 
and the second-stage flow 

Turbine interstage 
static pressure 

If the exhaust duct is not choked, the closure error 
between the static pressure at the end of the exhaust 
duct and ambient pressure; if the exhaust duct is 
choked, matching the correct flow at the inlet to the 
exhaust duct compared to the corrected flow required 
to make the duct choke 

Turbine exhaust static 
pressure 

The exhaust gas pressure at the exit to the recupera- 
tor compared with the independent variable 

Recuperator exhaust 
product c exit pressure 

The temperature generated by the combustion of the 
hydrogen and oxygen compared to the desired control 
temperatures 

Recuperator bypass flow 

The pressure at the exit of the recuperator bypass 
valve compared to the pressure from the recuperator 
exi t 

Inlet hydraul ic fluid 
temperature 

The temperature at the hydraulic pump ca-e return 
compared to the temperature of the hydraulic pump 
entering the hydrauiic cooler 


The difference between the oxygen flow through the 
temperature equalizer and the flow through the 
pressure regulator 
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Figure 3-8. — Hz Flow During Transient (System Included Accumulators) 
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Figure 3 ~9 .--Mechanization of 02FLCA Computer Option. 


ratio of the oxygen flow control valve area to hydrogen flow control valve 
area was the initial condition ratio plus 1 percent (i.e., if the initial 
conditions indicated that the 0- valve was 18.4 percent of the H£ valve, 
then the transient would be run with an O 2 /H 2 area ratio of 19.4 percent. 

The effect of this change in ratio is an increase in the turbine inlet tem- 
perature, which provides more energy to the turbine, and the speed control 
changes the valve area:, to maintain turbine speed. The temperature control 
is identified with the interaction of the speed control because the speed con- 
trol reacts faster than the temperature control. This results in a temperature 
control that mainly has a trimming function. 


Bypass Control 

The RECYCA option was used to determine the response of the hydrogen 
temperatures throughout the system to a step in the preheater bypass control 
valve area. The preheater bypass valve area and the preheater series valve 
have complementary areas, thus acting as a three-way valve. The hydrogen 
temperatures at stations 32 and 58 were determined with the turbine speed 
control and the turbine inlet temperature controls operable. 

The procedure used to acquire the identifying transient was to step the 
valve area and record the resulting temperature transients (fig. 3-10 and 3-11) . 
Similarly, the reaction of the system to a step in recuperation bypass (BYPSCA) 
valve area was performed (figs. 3 - 1 2 and 3 - 13 ). 

It is required to identify the transfer function from both valve area 
changes to each of the temperatures to be controlled because there is a 
considerable amount cf interaction between the control loops. 











TEMPERATURE RATE CHANGE, DEG/SEC' 



TEMPERATURE RATE CHANGE, DEG/SEC 




TEMPERATURE CHANGE RATE, DEG/SEC 



Figure 3-1?. --Rate of Change of H 2 Temperature at Hydraulic Oil 
Cooler Due to Recuperator Bypass Valve Step. 
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Transient 


The transient (TRANS) option in the MAINSR was used to evaluate the 
performance of the control system to various disturbances. An example of the 
performance of the system to a 1-sec maximum power pulse and then returning to 
idle is shown in fig. 3“1^. The response of the speed control is very symmetric 
at high and low power; this is due to the nonlinearity placed in the speed control. 
The variation in response rate of T (32) between high and low power is due to 
the variation in hydrogen flow. 


The TR\NS option also was used to evaluate the variation in turbine inlet 
temperature control as a function of accumulator volume and oxygen pressure 
regulator characteristics. 


Turbine Control Variations 

Turbine speed and temperature controls were analyzed to evaluate perform- 
ance during transient operation. Several different system configurations were 
run through the transient imposed by changing from idle power to full power 
in 75 msec at sea level. The first system was considered the "base" system 
and the other configurations were changes to the base. In each change, only 
one characteristic was different from the base. The systems are listed in 
table 3~3- Performance comparisons based on the several system configurations 
are shown in figs. 3~1 5 through 3~1 9 - 


TABLE 3-3 

SYSTEM CONFIGURATIONS FOR TRANSIENT ANALYSIS 



Base 


Change Number 


System 

1 

2 

3 

5 

0 2 regulator 
response, msec 


200 

200 

100 

200 

O 2 accumulator 
volume, cu in. 


25 

100 

100 

100 

0 2 flow valve 
maximum area 


-- 

1 1 5 Percent 
of Spec 

0 2 regulator 
.setting, psig 


550 

565 

550 

550 
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Figure 3" 18.-- Interturbi ne Temperature During Idle to Full Power 
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The start option was written to evaluate the performance of the control 
system during the start of the APU. The primary concern was the amount of 
turbine speed overshoot that would be experienced. For the initial conditions, 
all heat exchanger temperatures were set to 519°R, and the turbine soeed was 
set to 100 rpm. 


Component Definitions 

Two aspects of component descriptions are (1) the verification that the 
results of the performance of the analysis model are compatible with more 
sophisticated analysis techniques, and (2) the effect of the simulator analysis 
on the component requirements. 

The primary concern in the heat exchanger analysis is the transient 
character i st ic of the heat exchanger as compared to performance of the same 
component using more sophisticated models. The recuperator start transient 
was considered to be the condition that wouid define the heat exchanger thermal 
stress specification. The start transient was performed using a 144-mode 
thermal analyzer program. The results closely matched the four-mode model 
used in the system simulator (fig. 3~20). 

In the base run the oxygen flow control valve hit the full-open stop, 
and the result was a drop in combustor temperature. The reason that the ox, gen 
valve hit the limit was that the maximum flow requirement of the speed control 
corresponded to the minimum pressure of the oxygen regulator-accumulator 
subsystem. 

The first change to the base system was to drop the oxygen accumulator 
volume to 25 cu in. so as to reach a minimum sooner and recover before the 
flow requirement of the sneed control reached the maximum point. The smaller 
accumulator did result in a faster subsystem but the disturbance amplification 
resulted in a response that was unacceptable. 

For the second change the pressure regulator was set to a nominal 565 
psig. This provided sufficient pressure across the oxygen flow control valve 
that travel was not limited. The increased pressure across the valve did re- 
sult in a 112.9°R range in the combustor temperature. The increased range is 
due to the fact that change in oxygen flow with respect to combustor pressure 
is reduced and the short-term temperature gain of the combustor is increased. 

It was this phenomenon which originally caused the introduction of the pressure 
regulator to the system. 

The third change to the system was to increase the response of the 
pressure regulator to ICO msec. The oxygen flow control valve did not hit the 
limit and the temperature variation was 69.5°R. This change does not compromise 
any other operating condition and it is accomplished by sizing the orifice into 
tne bellows chamber of the .ressure regulator. 
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The last change to the system was to raise the oxygen flow control valve 
area limit to 115 percent of the specification requirement. The temperature 
range of the combustor during the transient was 7^.1°R. The increase in the 
oxygen flow control valve area requires that the oxygen flow control valve have 
a larger turn-down ratio, which would increase the difficulty in producing the 
valve. 

The selected configuration is the third change--0 2 regulator response 
changed from 200 to 100 msec. 


Flow Control Valves 

The flow control valve requirements were defined from the digital computer 
simulator. The speed of response was determined from the H2FLCA identification 
runs, whereas the temperature extremes were derived from the BYPASS and NO 
BYPASS options. The critical parameter, which was the size required for 
control, was derived by use of a special control valve option. The valves 
were sized such that the maximum acceleration under maximum load was greater 
than the maximum deceleration under minimum load. 


Bypass Valves 

The simulator provided information on the size of the heat exchanger bypass 
valves. Initially, 1-sq-in. valves were used to control the temperature. By 
performing parametric studies on the valves, control of the flow split of the 
hydrogen was shown to be ineffective with bypass areas of greater than 0.5 sq in. 
This, coupled with the requirement of raising the hydrogen inlet temperatures to 
ambient test conditions, resulted in the incorporation of series valves in the 
system to provide the capability of 100 percent bypass of both the preheater and 
the recuperator. The valves are driven to provide complementary areas (i.e., the 
sum of the area of the preheater bypass valve and the preheater series valve is 
a constant). 

The required response of the bypass valves was determined by the required 
bandwidth of the bypass controls. The speed required by the valves can be seen 
from the valve movement required during load transients. 


Oxygen Pressure Regulator 

The oxygen pressure regulator initially was incorporated in front of the 
temperature equalizer, but was moved to prevent two-phase flow in the valve. 
The response and sizing of the pressure regulator were initially prepared by 
the valve group. With the regulator dynamics incorporated in the system simu- 
lator, it was decided to lower the spring rate of the regulator. This reduced 
ringing in the regulator and caused it to damp out faster. 
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Oxygen Accumulator 


The oxygen accumulator was 3dded to the basic system to provide inherent 
stability of the turbine inlet temperature. The oxygen pressure source is from 
a supercritical oxygen tank at 900 psia, whereas the hydrogen source pressure is 
575 psia. This results in partial oxygen flow with respect to the combustor 
pressure. The pressure in the combustion chamber is determined by the primary 
flow rates of the hydrogen and oxygen and the oxygen-hydrogen ratio (0/F, 
oxygen/fuel ratio). At a particular level of flow through the combustor, the 
primary driving force on the combustor pressure is the temperature of the com- 
bustion products. As shown in fig. 3~21 , the pressure increases as the square 
root of the temperature; then the temperature will increase if a disturbance 
occurs, and the temperature increase will increase pressure. Thus, if 


d w H 

^A 

d W 
o 

S P /W 
c/ c 


(3-1' 


For no interaction between pressure and temperature, equation 3-1 must equal 1. 
To accomplish this, the oxygen pressure regulator pressure should be set such 
that the pressure r atio across the hydrogen flow control valve is equal to the 
pressure ratio across the oxygen flow control valve. 








The pressure regulator set point is at the hydrogen pressure source less 
the pressure drop through the hydrogen temperature conditioning hardware. The 
pressure regulator will tend to provide a stable temperature at low frequencies, 
but as the disturbance becomes fast or contains high frequencies (which are 
higher than the regulator reaction rate), combustion temperature variations 
occur. To minimize this effect, the oxygen accumulator was incorporated. The 
accumulator provides the pressure stability to higher frequency disturbances 
and thus, coupled with the pressure regulator, provides a system with much less 
interaction between combustion pressure and temperature. 


Check Valve 

The oxygen check valve was introduced upon analysis of the start transient. 
The hydrogen pressure in the combustor increases until back flow from the com- 
bustor to the oxygen accumulator is eliminated. This results in an explosive 
H--O2 mixture being passed through the ignitor spark gap with the possibility 
of a flashback into the oxygen accumulator. The check valve between the oxvgen 
accumulator and the oxygen flow control valve will prevent this. 


f 
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SECTION 4 


CONTROL SUBSYSTEM 


The control subsystem comprises two types of controls: primary and 

secondary. The primary controls are the dynamic control loops that position 
the flow control valves and the bypass control valves. The secondary controls 
ore the logic circuitry required for system startup, shutdown, and monitoring. 
These are discussed in this section. 

The breadboard control functions as a flight-type controller would, but 
contains certain features desirable for development that would not be incorpo- 
rated into a flight design. The combustor pressure and temperature, turbine 
speed, anc equalizer outlet temperature can be adjusted to various set points 
other than the design values. This permits great flexibility in initial 
testing. Design values will be used as confidence is gained in operation at 
reduced values. 

Primary Controls 

The primary controls are shown in Figure 4-1. These include: 

(a) Turbine speed control 

(b) Turb ine temperature control 

(c) Bypass controls 

Turbine speed control .--The turbine speed control requires the transfer 
function from hydrogen flow control valve area to turbine speed, and was 
identified by use of the H2FLCA simulator option. The identification was 
performed at several points throughout the operating range. Three of these 
conditions (defined in figs. 4-2 and 4-3) are described to show the variation 
in the dynamics. 

Condition 1 could have had a pole in the right-hand plane. The accelera- 
tion was increasing with almost immeasurable positive jerk. Since the pole 
was at a low enough frequency, an integrator was assumed for control design. 
This results in a linear system model for which minimum phase control design 
techniques can be used (such as Bode analysis). 

A nonlinearity is placed between the linear portion of the control and 
rhe valve position loop to provide a more uniform gain for the complete range 
of operating conditions. With the addition of an integrating control with 
lead for stability, the control characteristics given in fig. 4-4 (in the 
form of a Bode plot) are obtained. 

Turbine inlet temperature control . — In determining the coupling between 
the speed control and the temperature control, the speed control was mechanized 
with an ideal temperature control, and full load change transients were run. 
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The hydrogen flow control valve area was plotted against the oxygen flow control 
valve area (fig. 4-5). This indicated a fixed relationship between the two 
areas during the initial portion of the transient. Consequently, it was decided 
to mechanize the turbine temperature loop output as a ratio of oxygen flow 
control valve area to hydrogen flow control valve area. That is, with a change 
in the position of the hydrogen flow control valve (as determined by the speed 
control), the position of the oxygen flow control valve is changed simultan- 
eously to maintain essentially the same valve area ratio during the initial 
part of the transient. Oxygen valve position is subsequently trimmed by the 
turbine inlet temperature control as required. In this way, close temperature 
control can be maintained during a load transient using a temperature sensor 
with relatively slow response. At the same time, the accuracy of a closed-loop 
control is obtained for steady-state operation at any load condition essentially 
independent of ambient conditions or propellant inlet temperature. 

The 02FLCA option was used to identify the transfer function from the. 
oxygen valve/hydrogen valve area ratio to the turbine inlet temperature. 

The conditions used for the control design were sea-level, maximum power and 
maximum altitude, minimum power. The control loop uses a lead-lag network in 
the feedback to provide some measure of thermocouple compensation, and an 
integration with a lead in the feed forward. At minimum power the thermocouple 
is undercompensated, which results in a controlled gas temperature that is 
high when the temperature of the thermocouple is low. As the thermocouple 
approaches steady state, the gas temperature also approaches steady state, 
while at maximum power the opposite occurs. 

Bypass control . — The bypass controls were identified using the RECYCA and 
PYPSCA transient options. The transfer functions for both T 58 and T 32 (fig* 

3-1) for each of the valve disturbances were identified. The requirement for 
both temperatures is due to the interaction of both temperatures with a change 
of either valve. The control loops for each of the temperatures were designed 
using a lead-lag feedback and an integrating control. The control loops are 
followed by a nondynamic cross-coupling of the bypass and series valves to pro- 
vide a minimum interaction between the control loop and the expected crossover 
frequencies . 



OXYGEN FLOW CONTROL VALVE AREA. SO IN. 


Figure 4-5. --Oxygen and Hydrogen Flow Control Valve Area Relationships for 
Speed Control with Ideal Temperature Control. 
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Secondary Controls 


The startup and shutdown logic shown in fig. *4-6 is primarily designed 
to prevent an oxygen-rich mixture from passing over the hot turbomachinery. 

This requires that the hydrogen shutoff valve be opened first. After the 
hydrogen pressure is obtained, and the hydrogen flow is established, the 
oxygen valve is opened. 

For shutdown, the oxygen shutoff valve is closed. To detect that the 
oxygen flow has been interrupted, the tuiuine inlet temperature sensor is used. 
The hydrogen shutoff valve remains open until the temperature of the overtempera- 
ture thermocouple is below 900 R; this temperature was selected because the 
turbine inlet temperature control point can be selected as low as 960°R. 

Mon i to r 

The monitor philosophy of the APU system has been to look at selected 
parameters and to initiate a normal shutdown upon detection of a possible 
failure. The parameters were selected by weighing two factors: (1) the 

criticality of the parameter, and (2) the ease of obtaining the data. Special 
sensors were incorporated into the system to obtain independent measurement of 
the turbine speed and the turbine inlet temperatui o. The difference in turbine 
inlet temperature as measured by the two thermocouples is accomplished by the 
incorporation of an amplifier and two diodes. The approach has been to set 
the failure limits conservatively with the hazard of unnecessary shutdowns. 

The system is shut down and then the problem is determined. The limits are 
shown in fig. 4-6. If one of the monitored parameters is consistently shutting 
down the system, the parameter limit can be changed or the monitoring of that 
particular point can be deleted. 


Sensors 

The three types of sensors used to provide information to the controller 

are (1) speed, (2) temperature, and (3) pressure. 

Two speed sensors are used. The first counts the passage of the teeth of 

the pump drive gear, which has 95 teeth, rotates at 5020 rpm, and provides a 

nominal 7948-Hz signal to the controller for the primary speed control. A 
second identical sensor is located so as to count a 60-tooth disk on the turbine 
shaft. It provides a nominal 63,000-Hz signal that is used to detect an over- 
speed condition. These sensors are described in fig. 4-7. 

Four thermocouples are used to monitor gas temperatures in the system. 

These thermocouples are of a special design to combine high response with re- 
» sistance to the effects of hot hydrogen gas and a vibratory environment. The 

thermocouple joint is supported in a magnesium oxide insulation swaged in an 
0 .032- i n ,-dia inconel tube. This design will provide a time constant of ap- 
proximately 0.2 to 0.4 sec, depending upon the gas flow rates. This type of 
thermocouple is illustrated in fig. 4-8. 
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Figure 4-7. --Speed Pickup Probe, Gearbox, Space Shutt'e Turbine. 








Figure 4-8.-- H 2~°2 APU Turbine ,n,et Thermocouple. 




Two pressure switches are used to provide, a switched signal to the 
controller in the event of over- or underpressure in the lubrication system. 
An overpressure cond : tion could occur if the oil in the oil cooler congealed 
sufficiently to block the flow. These commercially available switches are 
described in fig. 4-9. 
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Control Circuit Design 

In the following discussion, examples of portions of the electronic control 
circuit design and the effects of selected component failures are presented. 

Thermocouple amplifier and cold junction compensation . — The schematic for 
turbine inlet control and overtemperature thermocouple amplifier is shown in 
fig. *4-10. The type of thermocouple to be used is chromel-alumel . 


The combination Z^, Z^, and Z^ comprises the turbine inlet control thermo- 
couple signal conditioning. The cold junction compensation amplifier Z^ com- 
pensates the cold junction fo r med when the chromel-alumel wires are terminated 
at the circuit board in the control system. The cold junction senses the 
ambient temperature of the circuit board. Since the ambient temperature is 
not constant, Z^ and its associated circuitry provide a voltage that compen- 


sates for the coid junction through the use of thermistor R 


7 


(C-P n 1 ckel ) . 


The temperature coefficient of the thermistor approximates the voltage versus 
temperature properties of a chromel-alumel junction when the thermistor is 
properly biased. This compensation can be repeated consistently to ±3°F for 
ambient temperature changes of 150°F. 


Operational amplifier Z^ is a high-voltage gain amplifier used to condi- 
tion the voltage from the ch rome 1 -a 1 uine 1 thermocouple. This amplification is 
necessary because the thermocouple has a low voltage versus temperature pro- 
file. The gain of the thermocouple is approximately 23 Rv/°F. In the case 
of an open-circuit thermocouple, the combination of R16 to R19 provides a low- 
voltage bias that will cause the output of Z^ to exceed its normal operating 

range. When this exceedance occurs, a shutdown signal is provided to the 
shutdown logic through CR2. 


Z^ is used to level shift and buffer the amplified thermocouple voltage 

to its desired voltage scaling and level. The turbine inlet control will have 
a final scaling of 10.0 mv/°R end have an output voltage of 5-000 v at temper- 
atures equal to 2000°R. The combination of Z^ and Z^ performs the same 

function as Z^ and Z^, except that these condition the over temperature thermo- 
couple . 


The purpose of is to compare the difference between the two conditioned 

thermocouple signals and to provide a shutdown signal for the shutdown logic 
if the difference exceeds a predetermined value. The purpose of Z 7 and Zg 
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Switch application 


Figure 


Set point 



Lube oil overpressure 
Lube oil underpressure 
Hydrogen supply pressure 
Nitrogen underpressure 


A 

>\ 

B 

A 


Opens (pins A-B) on increasing pressu re 50-55 psig 
Opens (pins B-C) on decreasing pressure 25-20 psig 
Closes (pins B— C) on increasing pressure 280-3 1 0 psig 
Opens (pins B-C) on decreasing pressure 5-A psig 


$-82237 


Figure 4-9.-- Pressure Switches Used on the H 2 -0 2 APU-T P/N 58l 170-1-1 
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is to provide over temperature shutdown; provides a steady-state limit, 
while Zg takes into account the thermocouple dynamics to protect against 
over temperature during transient conditions. 


Frequency to direct current converters .--A schematic diagram of the 
f requency-to-dc converters is shown in fig. 4-11. The schematic includes the 
converters for both the control conditioner and the overspeed conditioner; 
both circuits are identical. The block diagram of the f requency-to-dc converter 
is shown below. 



Each of these functional blocks is discussed below. j 

To sense an open circuit monopole, a dc current is passed through the 1 

monopole as shown in fig. 4-11. If the monopole has electrical continuity, j 

will remain in the saturated, or nonfailed, condition. If the monopole j 

becomes an electrical open circuit, the base current, which ensures that Q,^ | 

is saturated, will drop to a level that will allow Q.^ to turn off. This j 

jj 

sequence sill provide a shutdown signal to the shutdown logic through CR1 . I 

The squaring circuit -onditions the output voltage from the inonopole to j 

a signal level and amplitude compatible with the voltage levels and power 
required to supply the precision one-shot. The amplitude of an unconditioned 
monopole would be unacceptab’e due to its variation in amplitude versus fre- 
quency characteristic; thereiore, the high gain squaring circuit eliminates 
this restriction. 

The precision one-shot is used to generate a stable time period. The 
operation of the f requency-to-dc converter is based on the principle that the * 

average dc voltage level of a train of rectangular pulses Is proportional to 
the amplitude and to the period of the pulses, and is inversely proportional 
to the time between pulses (see below). 
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► 0ne ♦ 
shot period 


ref 


0.0 volts 


■period = T = 1 /fin 


V 

ave 



If the pulse width t and amplitude V , are held constant, and the period 

ret 

between pulses (T. ) is equal to the period of the input frequency that is 
i n 

being converted, then 


V 

ave 



1 

and since T. = input frequency. 


then ^ave = ( constant ) x 0 n P ut frequency) 

therefore, the average dc voltage is linearly proportional to the input 
frequency . 

The active filter serves to extract the average dc component from the 
pulse train provided from the reference switch. It also serves to amplify 
the average dc voltage to suitable scale factor. The dc ga i of the active 
filter is chosen so that the output voltage level varies from 0 to 5 v for a 
0 to 100 percent change in input frequency. The ac gain characteristics of 
the active filter are such that the output response time, phase shift, and 
ripple voltage in the dc output signal are controlled to acceptable limits. 
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is used to compare the two conditioned speed signals. If the 

difference between these exceeds an allowable limit, (as shown in fig. 4-12) 
a shutdown signal is supplied to the shutdown logic. 

Hvdroaen valve control loop . --The schematic of the hydrogen valve control 
loop is shown in fig. 4-12. This control loop receives electrical inputs from 
the conditioned (combustor pressure) signal conditioner, N c (turbine 

speed) , AP^ (external adjustment for varying control level), and speed 

select (for selecting turbine speed control point). The circuit provides an 
electrical signal that commands hydrogen valve position. A block diagram of 
the control loop is shown below. 



0.00k < S < 0.095 

o 

E„ 


The actual electronic circuit mechanization is included in fig. 4-13. 

The mechanization contains two function generators designed to fit the required 
type of curve by appropriate use of amplifiers in shunt and by discriminating 
with diodes. 

In figs. 4-12 and 4-13, the areas designated (D are used t0 Provide the 
necessary loop dynamics as required for loop stability. These dynamics are 
specified elsewhere. The two control modes (speed and pressure) must be 
bounded limits to eliminate integrater windup. This is accomplished by 
the function generator shown in fig. 4-13, which has a common feedback point 
for the operational amplifiers to ensure that the integrating capacitors for 
the speed and pressure loops have the same initial conditions. The mechaniza- 
tion of the four-segment function generator indicated in the valve control 
loop is shown in fig. 4-13 © • A graph of the required function is as follows: 


1 : Z4A 

2 : Z4fi 

3 : Z5A 

4 : Z5B 



Function generator 
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Each of the four distinct segments shown above is mechanized by an operational 
amplifier. The individual characteristic of each amplifier is shown in the 
required function plot. Since the outputs of each amplifier are OR'ed together 
through CR19, CR22, CR25, and CR28, Z4A prevails until E> n approaches V^. 

Z4B, Z5A, and Z5B are in negative saturation of the appropriate interloop 
diodes. When E. n exceeds V^» Z4B predominates because Z4A, Z5A, and Z5B 

cannot control the output at a lower voltage than desired by Z4B. This same 
concept applies to the remaining segments. This approach was extended to 
high and low discriminator along the same lines as shown in fig. 4-1. 

Response of system with failed components .--Thi., J scussic ohows how 
the changes in specific components affect the systei.i. components discussed 
are (1) hydrogen flow control valve, (2) oxygen flow control valve, (3) 
preheater bypass valve, (4) recuperator bypass valve, (5) monopole, (t) pres- 
sure sensor, (7) temperature sensor, and (8) power supply. 

Hydrogen flow control valve: The hydrogen flow control valve is primarily 

coupled to turbine speed and temperature control loops. The two types of hard- 
over failures of the hydrogen flow control valve are (1) a speed control fail- 
ure causing both oxygen and hydrogen valves to be driven, and (2) a failure 
that drives only the hydrogen flow control valve. If both the hydrogen valve 
and the oxygen valve are driven into the limit at the same time, the turbine 
will start to accelerate. This provides considerable energy for turbine 
acceleration, but the turbine inlet temperature is kept within a reasonable 
limit. The turbine inlet temperature will drop if the hydrogen flow control 
valve opens without the oxygen flow control valve moving. The energy available 
with this failure is less than the energy with both valves opening, but the 
turbine will still start to accelerate. 

The hydrogen flow control valve Is designed to return to half stroke 
under loss of electrica power. The valve uses a dual-wound torque motor as 
the prime mover. Each of the coils is driven separately; however, if one coil 
opens, the other coil can drive the valve from less than 25 percent stroke to 
more than 75 percent stroke. Thus, an inoperable valve is not a complete 
failure. Under certain circumstances it may permit limited or even full 
utilization of the system. 

If the oxygen valve is also driven closed when the hydrogen valve is 
driven full closed, the flame goes out and the turbine decelerates. If the 
hydrogen valve is driven clcsed and the oxygen valve remains in the last posi- 
tion, the combustor will become oxygen rich and the turbine inlet temperature 
will exceed maximum allowable temperature as the mixture passes through 
stoichiometric. 

Oxygen flow control valve: The temperature will rise and the turbine will 

start to accelerate if the oxygen flow control valve becomes fully opened. The 
opposite occurs if the valve is closed. 

Preheater bypass valve: The preheater bypass valve and the preheater 

series valve should be considered at the same timo. The control is mechanized 
so that the valve areas are complementary. For the first failure characteristics, 
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the valves are assumed operating in a complementary fashion and the command 
is erroneous. If the preheater bypass valve is fully opened, the hydrogen 
entering the lube oil cooler and the hydraulic oil cooler will drop. This 
may cause the viscosity of the lube oil to become high enough to trip the 
lube oil overpressure switch. If the overpressure does not trip before zone 
congealing in the oil cooler, the lube oil temperature will start to rise. 

This is Decause the remaining area in the cooler becomes small enough and the 
boundary layer becomes viscous enough that the primary flow does not have a 
chance to transfer the heat. As a result, the lube oil will become 
excess i ve ly hot . 

When the preheater bypass valve is fully closed, the hydrogen temperature 
into the hydraulic oil cooler and the lube oil cooler will increase. 

Recuperator bypass valve: The recuperator bypass and recuperator series 

valves are complementary-coupled in a similar manner to the preheater bypass 
valve. When the recuperator bypass valves are commanded full-open or full- 
closed, the temperature equalizer drifts down or up, respectively. The 
system monitoring is not set up to detect this temperature drift. However, 
the temperature change is slow enough to allow an operator to detect the 
condition and shut down the system. Over most of the operating range of 
the APU, the full closure of the recuperator bypass valve would not result in 
damage to the system hardware. At no time would the complete loss of recupera- 
tion (recuperator bypass valve fully open) result in hardware damage. 

Honopole failure: The monopole is used as a speed sensor, if the sensor 

were shorted, the signal level would drop below the level of detectability by 
the control. If this were to happen to the overspeed protection sensor, it 
would shut down the system as an underspeed. If the control sensor were to 
fail, then the control would allow the turbine to overspeed and shut down. 
Another failure would occur when the signal path opens; this type of failure 
is monitored and will cause a shutdown. 

Pressure sensor: The pressure sensor is not needed for normal control, 

but is used for turbine calibration. If the pressure sensor erroneously 
indicates an overpressure, turbine power will be lost and the turbine will 
underspeed. If the pressure sensor erroneously indicates that the pressure is 
zero, the system pressure control will not function. This would result in the 
APU operating in the same manner as when the pressure control set point is 
500 psi. 

Temperature sensors- The critical temperature control for the APU is the 
turbine inlet temperature. This temperature is measured using redundant tem- 
perature sensors. The monitor is designed to shut down the system if one of 
the following conditions occurs: (1) the difference between the two sensois 

is greater than 5g , (2) the over temperature sensor indicates a temperature 
greater than 1990 R, (3) the frequency compensated temperature output is 
greater than 2060 R. 
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Power supply: Power is obtained from the facility power source. Loss of 
facility power results in loss of the shutdown logic, which positions the sys- 
tem valves as follows: 


Valve 

Hydrogen shutoff valve 

Oxygen shutoff valve 

Oxygen dump valve 

Hydrogen flow control valve 

Oxygen flow control valve 

All hydrogen bypass and series 
valves 


Pos i t ion 
Closed 
Closed 
Open 

M i d pos i t ion 

Minimum stop (mechanical) 
Last position 


The position of the flow control valves during loss c" facility power will 
cause the turbine inlet temperature to drop. The oxygen dump valve prevents 
the gas mixture in the combustor from becoming oxygen rich as propellants 
empty from the system. Tl.e oxygen check valve prevents the combustion products 
(especially hydrogen) from flowing back into the oxygen accumulator. 

System Valve Specifications 


The valve specifications resulting from the preliminary design system 
are presented here and are applicable to both the reference system and test 
system valves. Specifications are presented for: 

(1) Hydrogen bypass valve 

(2) Oxygen pressure regulator 

(3) Hydrogen flow control valve 

(4) Oxygen flow control valve 
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Reference System Valve Specifications 
APU- T HYDROGEN BYPASS VALVE. REQUIREMENTS 

General 

It is the purpose of this document to define the requirements of the hydrogen j 

bypass valve for NASA approval and valve and data orocurement. * 

Peso- i ption 

The valve shall be a butterfly type valve which is used to bypass the pre- i 

heater and recuperator heat exchangers. The valve element shall be driven by an j 

available torque motor. A LVDT or RVDT sh a ’l be incorporated in the design for ; 

positive feedback. The valve s hr* 1 1 tend to fail closed upon loss of power. The 
hardware shall be developed in accordanc vith "research" requirements of Garrett 
Operational Procedure 10.6. : 

Data Remiirements 

A design schedule is required prior to authorization to proceed with design. j 

This schedule should give sufficient visibilitv to show major design activities. 

Percent completion and ter wical status reports will be required by the end of *. 

each month. A schedule of planned expenditures and actual expenditures will also 1 

be required mo ,*hly. Upon completion of the design a complete set of drawings, 
and a design development description outlining the design and future activities | 

(i.e., stress and performance analysis, development plan, test plan, anticipated ‘ 

problems, fabrication and development schedule, estimate to complete and planned 
expenditures vs. time), shall be required prior to mthor ization to proceed with 
fabrication and development. 

Upon authorization to proceed with fabrication, monthly reporting will be re- 
quired as described above. A development log book will be prepared as the hard- 
ware is fabricated, inspected, and tested. All pertinent engineering records (i.e., 
inspection of critical dimensions by Q.C., rework activity, assembly :otes, and 
test data), shall be recorded in this log book for ultimate delivery to NASA. 

Critical dimensions will be defined by AlResearch and approved by WVSA. An informal 
test report showing compliance with "nd deviation from the valve -ification shall 
be submitted separately. Valve performance test shall be conduv u . i t «. air (room 
temperature and 1350°R). 

Hardware Requirements 

Four functional valves are required for APU-T system test. Long lead tlm** and 
critical details should be fabricated or ordered in sufficient quantity so as to 
meet the requirements of the schedule. 
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APU-T HYDROGEN BYPASS VALVE SPECIFICATION 


HB-2 


— " 

— 

EQUIVALENT 

AIR 


H» 

1350°R 

520°R 

Lesiqn Conditions 


\ 

\ 

Maximum design pressure, psia 

600 

\ 


Design ambient pressure, psia 

0-15 

\ 

\ 

Proof pressure, psia 

900 

\ 


Maximum design temp., °R 

1350* 

\ 


Minimum design temp., °R 

400 

\ 


Performance Requirements 
♦♦Maximum flow, Ib/min 

7.83 

18.5 

29.8 

Delta P, psi 

0.8 

0.8 

0.8 

Temperature, °R 

520 

1350 

520 

Pressure in, psia 

541 

541 

541 

Pressure out, psia 

540 

540 

540 

CA (reference), in.* 

0.477 

0.477 

0.477 

'♦Minimum flow, lb/min 

0.0288 

0.0703 

0.113 

De 1 ta o S i 

0.6 

0.6 

0.6 

Tempei , °R 

550 

1350 

520 

Pressure in, psia 

563 

563 

563 

Pressure out, psia 

5o2 

562 

562 

CA (reference), in.* 

0.0022 

0.0022 

0.0022 

LVDT resolution ±0.5 percent 




Response time => 200 ms from min.- to-max. 

condition 
Life: iOOO Hours 

♦♦NOTE: Set inlet and out’ -.onditions 

and measure flow at minin. md maxi- 
mum operating position. 


General Requirements 

Line size = 1.0 in. 0.0. 

Electrical requirements, TBO by available parts 

External leakage: Lab. Std. practice (NASA to check 10 * seem H g ) 

Valve stability — consistent with operation over the anticipated ra/ioe 
without undesirable oscillations. 

♦NOTE: A new requirement — previous maximum temperature was ,075°R. 
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APU-T OXYGEN PRESSURE REGULATOR VALVE REQUIREMENTS 

General 

It is the purpose of this document to define the requirements of the 
oxygen pressure regulator valve for NASA approval and valve and data procure- 
ment. 

Description 

The valve shall be a pneumatical ly actuated, differential pressure regulator. 

Its function is to regulate oxygen from the equalizer to the oxygen control 
valve. The design shall include provisions to prevent the outlet pressure from 
exceeding the specified maxinum value during fouled or failed conditions. The 
hardware shall be developed in accordance with "research" requirements of 
Garrett Operational Procedure 10.6. 

Data Requirements 

A design schedule is required prior to authorization to proceed with design. 

This schedule should give sufficient visibility to show major design activities. 
Percent completion and technical status reports will be required by the end of 
each month. A schedule of planned expenditures and actual expenditures will 
also be required monthly. Upon completion of the design a complete set of 
drawings, and a design development description outlining the design and future 
activities (i.e. , stress and performance analysis, development plan, test plan, 
anticipated problems, fabrication and development schedule, estimate to complete 
and planned expenditures vs. time), shall be required prior to authorization to 
proceed with fabrication and development. 

Upon authorization to proceed with fabrication, monthly reporting will be re- 
quired as described above. A development log book will be prepared as the hard- 
ware is fabricated, inspected, and tested. All pertinent engineering records (i-e., 
inspection of critical dimensions by Q.C., rework activity, assembly notes and test 
data), shall be recorded in this log book for ultimate delivery to NASA. Critical 
dimensions will be defined by AiRosearch and approved by NASA. An informal test re- 
port showing compliance with and deviation from the valve specification shall be sub- 
mitted separately. Valve performance test shall be conducted with air (room temp- 
erature and 750°R), with an inlet pressure of 900 psia. 

Hardware Requirements 

Two functional valves are required for APU-T system test. Lonn lead «ime and 
critical details should be fabricated or ordered in sufficient quantity so as to 
meet the requirements of the schedule. 
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0 2 REGULATOR VALVE SPECIFICATION 


Des ign Condi tions u £ 

Maximum design inlet pressure, psia 900 

Maximum design outlet pressure, psia 650 

Design ambient pressure, psia 0-15 

Proof pressure, psia 1350 

Maximum design temperature, °R 900 

Minimum design temperature, °R 400 

Pe r form a* -e Requirement s 

Regulated outlet pressure ~ psig 550 ± 25 

Maximum fiOw, Ib/min (ref) 6.62 

Inlet pressure, psia 878 

Temperature ~ °R 663 

CA (reference), in. 2 0.00587 

Minimum flow, lb/min (ref) 0.454 

Inlet pressure, psia 900 

Temperature ~ °R 750 

CA (reference), in. 2 0.00072 

Response Time 100 MS 
Life 1000 hours 


General Requi rements 

Line size = 1/2 in. 0D 

External Leakage: Lab standard practice at AiResearch 

(NASA to check to 10"* seem He) 

Valve stability: Consistent with operation over the anticipated 

range without imdas i table oscillations 
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APU-T HYDROGEN CONTROL VALVE REQUIREMENTS 

General 

It is the purpose of this document to define the requirements of the hydrogen 
control valve for NASA approval and valve and data procurement. 

Description 

The valve shall be a balanced poppet design which is electrically linl^ed to 
the oxygen control valve in the electronic APU-T control. The valve element shall 
be driven by an available dry-type linear displacement torque motor. A LVDT shall 
be incorporated in the design for positive feedback. The valve shall fail open 
upon loss of power. A mechanical stop shall be provided to prevent full closure 
of the valve. The hardware shall be developed in accordance with "research" 
requirements of Garrett Operational Procedure 10.6. 

Data Requirement s 

A design schedule is required prior to authorization to proceed with design. 
This schedule should give sufficient visibility to show major design activities. 
Percent completion and technical status reports will be required by the end of 
each month. A schedule of planned expenditures and actual expenditures will also 
be required monthly. Upon completion of the design a complete set of drawings, 
and a design development description outlining the design and future activities 
(i.e., stress and performance analysis, development plan, test plan, anticipated 
problems, fabrication and development schedule, estimate to complete and planned 
expenditures vs time), shall be required prior to authorization to proceed with 
fabrication and development. 

Upon authorization to proceed with fabrication, monthly reporting will be 
required as described above. A development log book will be prepared as the 
hardware is fabricated, inspected, and tested. All pertinent engineering records 
(i.e., inspection of critical dimensions by Q.C., rework activity, assembly notes, 
and test data), shall be recorded in this log book for ultimate delivery to NASA. 
Critical dimensions will be defined by AiResearch and approved by NASA. An in- 
formal test report showing compliance with and deviation from the valve specifi- 
cation shall be submitted separately. Valve performance test shall be conducted 
with air (room temperature and 750°R), with a choked nozzle (effective area = 
0.0655 in. ), downstream of the valve. 

Hardware, ftegui rgfflentg, 

One functional valve is required for APU-T system test, l.org lead time 
and critical details should be fabricated or ordered in sufficient quantity 
so as to maet the requirements of the schedule. 
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h 2 CONTROL VALVE SPECIFICATION 



H 2 

EQUIVALENT AIR 

750°R 

520°R 

f 

i Oesiqn Conditions 


\ 

\ 

' Maximum design pressure, psia 

600 

\ 

\ 

Design ambient pressure, psia 

0-15 

\ 

\ 

i Proof pressure, psia 

900 



| Maximum design temperature, °R 

900 

\ 

\ 

Minimum design temperature, °R 

400 

\ 

\ 

1 Maximum system test temperature, °R 

TBD** 

\ 

\ 

k v 

j __ 

Performance Requirements 




Maximum flow, lb/mi n (reference) 

9.02 

34.4 

41.8 

Delta P, psi, max. 

45.3 

51 

51 

Temperature, °R 

693 

750 

520 

Pressure in, psia 

506 

506 

506 

Pressure out, psia 

461 

455 

455 

2 

CA* (reference), in. 

0.0950 

0.0950 

0.0950 

Minimum flow, lb/m in (reference) 

0.701 

2.64 

3.21 

Delta P. psi, min. 

540 

540 

540 

Temperature, °R 

750 

750 

520 

Pressure in, psia 

575 

575 

575 

Pressure out, psia 

35 

35 

35 

2 

CA* (reference), in. 

0.00400 

0.00400 

0.0040 

LVDT resolution +0.5 percent 

NOTE: See outlet pressure and 

Response time = 40 ms from min.-to-max. 

temperature and 

measure 

cond i t i on 

AP 

at minimum and maximum | 

1 Life: 1000 hours 

operating posicion. 


Gene ’•u i Requirements 

Line size = t.C in. 00 
Mechanical stops: 

2 

Full open. Reference CA = 0.1050 in. ( 1 10 percent of maximum operating) 

2 

Full close. Reference CA = 0.0030 in. (75 percent of minimum operating) 
Electrical requirements: TBD by availab'r- parts. 

External leakage: Lab standard practice at AiResearch (NASA to check tc 

10" 6 seem He) 

Valve Stability: Consistent with operation over the anticipated range 

without r. J^lrable oscillations. 

* Actual CA variation vs LVDT position shall be linear to within ±5$. 
** A system test case not a design requirement, max. valve w* 1 1 take 

for limited testing. 
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APU-T OXYGEN CONTROL VALVE REQUIREMENTS 

General 

It is the purpose of this document to define the requirements of the oxygen 
control valve for NASA approval and valve and data procurements. 

Description 

The valve shall be a balanced poppet design which is electrically linked to 
the hydrogen control valve in the electronic APU-T control. The valve element 
shall be driven by an available dry-type linear displacement torque motor. A LVDT 
shall be incorporated in the design for positive feedback. The valve shall fail 
closed upon loss of power. A mechanical stop shall be provided to prevent full 
closure of the valve. The hardware shall be developed in accordance with "research" 
requirements of Garrett Operational Procedure 10.6. 

Data Requirements 

A design schedule is required prior to authorization to proceed with design. 
This schedule should give sufficient visibility to show major design activities. 
Percent completion and technical status reports will be required by the end of 
each month. A schedule of planned expenditures and actual expenditures will also 
be required monthly. Upon completion of the design a complete set of drawings, and 
a design and development description outlining the design and future activities 
(i.e., stress and performance analysis, development plan, test plan, anticipated 
problems, fabrication and development schedule, estimate to completeand planned 
expenditures vs time), shall be required prior to cuthorizatior. to proceed with 
fabrication and development. 

Upon authorization to proceed with fabrication, monthly reporting will be 
required as described above. A development log book will be prepared as the 
hardware is fabricated, inspected, and tested. All pertinent engineering records 
(i.e., inspection of critical dimensions by 0.. C., rework activity, assembly notes 
and test data), shall be recorded in this log book for ultimate delivery to NASA. 
Critical dimensions will be defined by AiResearch and approved by NASA. An in- 
formal test report showing compliance with the deviation from the valve specifi- 
cation shall be submitted separately. Valve performance test shall be conducted 

with air (room temperature and 750°F), with a choked nozzle (effective area - 
2 

0.0109 in. ), downstream of the valve. 

Hardware Requirements 

One functional valve is required for APU-T system test. Lorg lead time 
and critical details should be fabricated or ordered in sufficiet.t quant i ! / so 
as to meet the requirements of the schedule. 


\ 

! 

i 


i 


I 
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02 CONTROL VALVE SPECIFICATION 


EQUIVALENT AIR 


750°R 


520°R 


Design Conditions 


Maximum design pressure, psia 
Design ambient pressure, psia 
Proof pressure, psia 
Minimum design temperature, °R 
Maximum design temperature, °R 

600 

0-15 

1350 

400 

900 

\ 

\ 

\ 

\ 

\ i 
\ 

\ 

s 

\ 

\ 

\ 

L._ - - 

Performance Requirements 




Maximum flow, lb/mi n (reference) 

6.62 

5.98 

7.50 

Delta P, psi, max. 

61.8 

62.8 

62.6 

Temperature, °R 

663 

750 

520 j 

Pressure in, psia 

532 

532 

532 | 

Pressure out, psia 

470 

469 

469 i 

2 

CA* (reference), in. 

0.0135 

0.0135 

0.0135 j 

Minimum flow, lb/min (reference) 

0.454 

0.433 

0.544 ! 

Delta P, psi, min. 

536 

536 

536 

Temperature, °R 

750 

750 

520 

Pressure in, psia 

570 

570 

570 

Pressure out, psia 

34 

34 

34 

CA* (reference), in.* 

0.00065 

0.00065 

0.00065 


LVDT resolution ±0.5 percent 

Response time = 40 ms from min.-to- 
max. condition 

Li fe; 1000 Hours 


NOTE: Set outlet pressure and 

temperature and measure 
AP at minimum and maximum 
operati ng pos i tion. 


General Requirements 

Line size = 1/2 in. 0D 
Mechanical stops: 

2 

Full opei, Reference CA = 0.0145 in. (107.5 percent of maximum operating) 

2 

Full close, Reference CA - 0.0004 in. (62 percent of minimum operating) 
Electrical requirements: TBD by available parts. 

External leakage: Lab standard practice at Ai Research (NASA to check to 

10" 6 seem He) 

Valve stability: Consistent with operation over the anticipated range 

without undesirable oscillations. 

* Actual CA variation versus LVDT position shall be linear to within ±5 percent. 
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System Valve Design 


The APU-T system valves include the following: 

• Four identical hydrogen bypass valves 

• Two identical oxygen pressure regulators 

• A hydrogen flow control valve 

• An oxygen flow control valve 


All but the oxygen regulator are controlled by electrical signals from the 
APU-T controller. The valves are designed to conform to reference system 
specifications as a minimum but are not flight weight. 

Hydrogen bypass valve . — The function and a description of the hydrogen 
bypass valve are presented below. 

Function: The four identical hydrogen bypass valves in the system operate 
in response to electrical drive signals from the system controller. Two of 
the valves control bypass flow around the recuperator, and two of the valves 
control bypass flow around the preheater. The bypass flow around these two 
heat exchangers is varied as required to control hydrogen temperature at the 
combustor inlet and at the inlets to the hydraulic and lube oil coolers. 

Description: The basic components of the bypass valve (see fig. 4-14) 

are (1) a flat-plate butterfly valve and shaft (2) a dc, dry-type, rotary 
displacement torque motor (Inland Motor Division, Kollmorgen Corporation 
PN NT-2943B, rated at 0.90 lb-ft, 77 w) , and (3) a rotary variable displace- 
ment transformer (RVDT) (Schaevitz Engineering PN R30A) . The valve has been 
designed to meet the requirements of the bypass valve specification. Average 
power consumption of the corque motor will be approximately 10 w. 

The valve modulates hydrogen flow by rotation of a circular flat plate in 
the flow duct. The plate is attached to a shaft that is connected to the 
torque motor. Application of current to the torque motor causes the valve to 
move toward open. With increasing current, the valve will continue to open, 
with the travel limited to 80 deg by a mechanical stop. In the closed position, 
the valve does not seal leak-tight. 
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for use on the current APU-T being built for laboratory testing. In a flight- 
type design, it is anticipated that active cooling (possibly incoming cryogenic 
hydrogen) would be used to protect the torque motor and RVDT. 

To prevent leakage along the valve shaft, redundant seals are 

included at the upper end of the shaft (near the torque motor). A port is 
provided in the valve body for checking and venting any hydrogen leakage that 
might get past the redundant seals. A single seal is included between the 
port and torque motor. 

In the current APU-T, two-valves are used for each of the heat exchanger 
bypass circuits: one in series with the heat exchanger and one in parallel. 

As one valve opens the other closes. In a flight-type design, each pair 
of valves would be replaced by a three-way modulating valve. 

Oxygen pressure regul ator . --The function and a description of the 
oxygen pressure regulator are presented below. 

\ Function: The oxygen regulator regulates oxygen pressure at the inlet 

to the combustor. 

Description: In the oxygen pressure regulator, a ceramic ball-poppet 

valve is positioned by a calibration spring and differential pressure acting 
on a bellows actuator (see fig. **-15). The regulator has been designed to 
meet the requirements of the oxygen regulator specification. 

The regulator is normally full -open. As downstream pressure reaches the 
regulation band, the downstream pressure, which is vented to one side of the 
bellows actuator, overcomes an opposing load due to the calibration spring 
plus ambient pressure acting on the other side of the actuator. The actuator 
moves and allows a spring to move the ball-poppet toward the closed position. 

The balance of forces --downstream pressure on one side of the actuator and 
the calibration spring and ambient pressure on the other — maintains the poppet 
position required for regulation. 

To achieve stable operation, the downstream pressure is sensed at a point 
approximately **-1/*t in. downstream of the poppet instead of at a point close 
to the poppet. If pressure were sensed in the area close to the poppet valve 
discharge, flow turbulence could cause undesirable pressure fluctuations. 
Although an orifice in the sensing passage would dampen fluctuations, it would 
increase response time. The design does include a sensing passage in the valve 
body immediately downstream of the poppet. However, this passage will be sealed 
with a plug, which, if necessary at some future time, could be modified by 
drilling an ori f ice . 

A port is provided on the top of the valve body for connecting the 
regulator to ambient. If oxygen internal leakage should occur, it would be 
ducted overboard (to ambient). 







sfcvfe-iE ulw a w u 



4 



Two identical regulators will be connected in series, with the downstream 
regulator set 50 ps i higher than the other. The downstream unit, therefore, 
protects against an open failure of the prime unit without interfering with 
normal regulation. 

Hydrogen flow contro 1 valve . --The function and a description of the 
hydrogen flow control valve are presented below. 

Function: The hydrogen control valve modulates hydrogen flow to the 

combustor in response to electrical control signals, and maintains constant 
turbine sDeed under varying APU loads and system conditions. 

Description: The basic components of the hydrogen flow control valve 

(fig. 4-16) arc (1) a dual-poppet assembly, (2) a dc, dry-type linear dis- 
placement torque motor (Servotroni cs PN 99*D0202) , and ('}) a linear variable 
displacement transformer (LVDT) (Schaevitz Engineering Type 050 MHR) . The 
valve has been designed to meet the requirements of the hydrogen flow control 
valve specification. 

Electrical input signals from the control are applied to the torque 
motor, which is connected to one end of a pivoted lever. The opposite end of 
the lever is attached to the poppet valve shaft on which dual poppets are 
mounted. 

The normal (deenergized) position of the torque motor output shaft is 
held at the midstroke position of the torque mct-or by a high spring-rate 
torque tube in tiie motcr. This position corresponds to the midstroke of the 
poppet valves. Upon application of polarized current (corresponding to a 
"close valve" signal) to the torque motor, the valve poppets are forced 
against the poppet spring toward the closed position. As current is increased, 
poppet movement continues until the poppet shaft is against a mechanical stop 
(valve nearly closed). As current is decreased, the valve moves back toward 
the central position. A change in torque motor polarity drives the poppets 
toward the full-open position. This motion is assisted by the poppet spring. 

Poppet arrangement on a common shaft provides pressure force balancing 
to minimize power requirements of the actuating torque motor. Because of the 
large flow area of the hydrogen control valve, a velocity effect occurs that 
unbalances the poppets toward the closed position. To restore poppet balance, 
a deflector is mounted in the discharge path of one poppet to react with .lew 
forces. 

Poppet position is fed back to the control circuitry by means of a hOO-Hz 
LVDT. The LVDT case is attached to the valve e and the movable core is 
threaded to the poppet shaft. The position of the poppet is thus registered 
within the control logic for control monitoring. 

At the suggestion of NASA, gold plating is specified for the rubbing 
surfaces of several parts in lieu of a dry-film lubricant. The parts to be 
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pidted are the pivoted iever at the area of contact with the spherical nut on 
the valve shaft, the spherical n;t, and the pin on which the lever pivots. 

Gold plating will be applied in accordance wi th HI L-G-4520^ , Type i, Cldi,s 2. 

Oxygen flow control valve . — The function and a description of the oxygen 
flow control valve are presented below. 

Function: This valve modulates oxygen flow to the combustor in respon e 

to electrical control signals, and maintains turbine inlet temperature con- 
stant with varying load <nd system conditions. 

Description: The basic components of the oxygen flow control valve 

(fig. A-17) are (1) a dual-poppet assembly, (2) a dc, dry-type, linear dis- 
placement torque motor (Servotron i cs Part Number 99-D0201) , and (3) an LVDT 
(Schaevitz Engineering Type 050 MHR) . The valve has been designed to meet 
the requirements of the oxygen flow control valve specification. 

Flectrical input signals from the control are fed to the torque motor, 
whi-’h is directly coupled to the dual poppet valve shaft. As torque motor 
current is increased from zero, the spring-loaded-closed poppet assembly is 
displaced off its stop. This admits gaseous oxygen into the combus'or. Gas 
flow increases as current is increased until the flow reaches a maximum value 
at the full open position of the dual poppets. 

Poppet arrangement on a common shaft provides pressure force balancing 
to minimize power requirements of the actuating torque motor. Because of this 
balance effect, the torque motor output directly drives the poppet assembly. 

An additional advantage of the dual poppets is the high gain relationship 
between the valve stroke and gas flow. In this unit, where the required flow 
is minimal, the resulting short valve stroke is within the stroke capability 
of the torque motor, and no additional linkage is **equired between the driving 
and driven members. 

Poppet position is fed back to the control circuitry by means of a 
AOO-Hz LVDT. Tie LVDT case is attained to the valve case, and the movable 
core is threaded to the poppe: shaft. The position of the poppet is thus 
registered within the control logic for control monitoring. 

The torque motor assumes the closed valve position with zero electrical 
current input. An additional magnetic closing force exists at the zero cur- 
rent conditions. The separate ooppec closing spring acts to force the poppets 
closed. Thus, the oxygen wontr-.-l valve hdS redundant forces in the closing 
pos,t ! on in the evenc of power loss. 

At NASA sugy stion, gold plating is snecifljd for the spherical nut, 
which is the rubbing surface in the connection between the torque motor out- 
put and the poppet shaft. The ^la plating is Trended as the lubricant 
and will be applied in accordance wi th Ml L-G-4520 il . T ype I, C’eas 2. 
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SECTION 5 


TURBINE AND GEARBOX DESIGN 


In this section, the aerodynamic design of the reference and test system 
turbine is discussed; the turbine mechanical design is presented; the turbine 
thermal analysis is presented; turbine stress and dynamics o-e analyzed; and 
the design of the gearbox is described. 

Drawing L-208529 shows the reference turbine design layout as it existed 
prior to the design simpl i fications made to the T-system turbine (581192). 

The aerodynamic design is the same for both. 

It was initially intended that the design of the APU-T turbine would 
be the same as the reference system turbine; however, following the final 
design review of the turbine layout, it became clear that the fabrication of 
that design would exceed the allowed budget. Further, the bearing cartridge 
face seal that seals hydrogen-water vapor mixture from the bearings would 
require a normal development with extensive turbine testing and several 
assembly-disassembly cycles. Too, the thermal isolation package that reduces 
t. acceptable limits the heat so3kback from the turbine to the bearing 
cartridge after shutdown requires some additional normal ujvelopment. The 
decision was, therefore, made to design a simplified turbine. 

The thermal and stress analysis were both made for the initial design, 
but on reevaluation showed themselves to be valid for the revised design. 

The major changes from the reference to test system turbine gearbox 
design are as follows; a nitrogen gas buffer seal replaces a rubbing seal; 
an anti -heat soakback thermal barrier has been removed; the mounting structure 
for the turbine off the gearbox has been simplified, and the zero-g gearbox 
has been replaced by a more conventional type. The description and discussion 
differentiates between these two designs in the affected areas. 


Turbine Aerodynamic Design 

The system considerations that set the design point gas conditions and 
performance requirements are presented in table 5"1» The turbine fulfilling 
these requirements is a two-stage pressure-compounded axial-impulse turbine. 

In the meridianal flow path layout illustrated in fig. 5“1 , the gas flows from 
left to right. It expands through the first-stage nozzles into the first 
rotor, and then enters the second-stage nozzles through an interstage plenum. 

The six fii;t-stage nozzles are ax i symmetric, while the second-stage nozzles 
are of two-dimensional design. The gas is at an intermediate pressure when 
entering the second-stage nozzles, where it expands again to the outlet pressure 
level flowing through the buckets of the second-stage wheel. Leaving the wheel, 
the gas enters the discharge plenum through a channel, providing some diffusion 
recovery of the rotational energy in the medium. 
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TA3LE 5-1 

DESIGN POINT CONDITIONS 

Gas: H 2^2 com * 5UStion product 

O/F ratio: 0.6 

Gas exponent: Y = 1.357 

Gas constant: R = 455*85 ft-lb/lb-°R 

Inlet total pressure: P |N = 390.2 psia 

Inlet total temperature: T^ = 1962.6 °R 

Discharge static pressure: P^^ = 18.15 psla 

Exit duct area: A £x = 8 sq in. 

Power required: HP = 400 hp 

Shaft speed: N = 63,000 rpm 

Tip Clearance 0.010 ir. 





000 rpm 





The design characteristics of the turbine are summarized in table 5“2 in 
terms of the major geometric parameters of the two stages. The turbine design 
point velocity triangles along the mean flow path are shown in fig. 5~2, with 
schematic representations of nozzles and buckets. 

The design of a first-stage nozzle is given in fig. 5“3* The nozzle is 
axisymmetric and of the conical supersonic design. An 8-deg cone connects 
the throat with the exit diameter. The area ratio is 1.539, which is about 
the theoretical value required by a 1*.6 pressure ratio. This can be accom- 
plished because the first-stage pressure ratio remains constant at an overall 
pressure ratios of about 7. 5, as shown in fig. 5”^* 

The design of the bucket is shown in fig. 5~5» This design is common 
for both stages, and it is presented at the pitch diameter of the first stage. 
The profile is assumed constant along the length of the bucket, and the chan- 
nel between blades will be divergent about the radius of the wheel. The middle 
point of the blade radius is exactly radial. The design of the buckets on 
both wheels are identical; only the outside diameter of the wheels is trimmed 
to the required measurements. The profile of the bucket represents the high 
Mach number supersonic design, with the wedge transition into a constant radius 
turn providing constant supersonic turning of the flow without the development 
of shock fronts. 

The design of the second-stage nozzles is shown in fig. 5-6. The 
nozzles are two-dimensional. The profile shown represents the cross-section 
at the pitch diameter of the second stage. There are 2** nozzle channels. 

Since the flow coming from the first stage has considerable velocity energy, 
the profiles should allow recovery of the major portion of it. It is assumed 
that 50-percent pressure recovery will occur at the entry of the nozzles. 

The nozzles are designed for 1.10 area ratio, giving good performance at a 
wide range of operating conditions. The relative positions of the first- 
and second-stage nozzles are shown in fig. 5 - 7 ', those positions are important 
to secure maximum inlet efficiency. The velocity distribution on the nozzle 
pressure and suction surfaces is shown in fig. 5”8. 


Performance of Turbine 

To predict the design point and off-design performance of this two-stage 
axi al- impulse turbine, a computer program named TMAP has been used. 

The printout of the results of the computer calculation for the design 
point performance is presented in fig. 5-9* To evaluate the overall performance 
capabilities of the turbine, off-design performance calculations have been run 
with the TMAP program. The pressure ratio distribution between the first and 
second stage is given in fig. 5 - 4 as a function of overall pressure ratio. 


TABLE 5“2 

TURBINE DESIGN PARAMETERS 



Effective nozzle throat area, sq In. 
Nozzle exit area, sq in. 

Nozzle type 
No. of nozzles 
Admission, percent 
Bucket height, in. 

Axial chord length, in. 

No. of blades 
Pitch diameter, in. 

Nozzle angle, deg 
Bucket inlet angle, deg 
Bucket exit angle, deg 


First Stage 

Second Stage 

0.1517 

0.6300 

0.2335 

0.6930 

Ax i symmetric 

Two-dimensional 

6 

24 

29 

60 

0.265 

0.330 

0.350 

0.350 

85 

85 

5.566 

5.631 

16.0 

16.0 

23.0 

23.0 

21.7 

21.7 











R-0 plane at rotor LE 
Illustrating nozzle alignment 



Figure 5" 3- — NASA H--0, APU Turbine First-Stage Nozzle Design* 



Stage pressure ratio 


N = 63,000 rpm 


First stage 


6 8 10 20 
Overall pressure ratio 


40 60 80 


Figure 5-4.— Stage Pressure Ratios at Various Overall Pressure Ratios 







0.010 TE thickness 




'if* 





Figure 5-6. — NASA H,-0, Turbine Second-Stage Nozzle Design 








Axial, in. 




c 

2 o. 

O 




Second- stage 
nozzle exits. 


i 

* 


Axial view 
front to rear 


At 0.040 tn. beyond blade 
X - 0.430 in. 

Y - 0. 247 In. 

« - 533° fro« flow axis 

V - 4535 ft/sec 
M - 0.84! 

.First stage 


Fi rst> stage nozzle arc « 105.4° 
with 50 mil spacing 

Second-stage nozzle arc - 215.1° 

Fluid travel through first rotor, 
plenum, and second nozzle * 8° 


Figure 5-7. — NASA i^-O^ APU Turbine Circumferential Alignment 

First- Stage Streamline in Fixed Coordinates 
Admission Arcs for. First and Second Stages. 
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Figure 5-9* — NASA H^-Oj APU Turbine Design Point 
Printout from T-MAP Program. 


The overall efficiency is shown in fig. 5-10 as a function of the 
velocity ratio (u/c q ) at several pressure ratios, and the overall efficiency 

as a function of overall pressure ratio at different back pressures is illus- 
trated in fig. 5-11. The overall efficiency versus shaft power (at constant 
speed of 63,000 rpm) developed at several back-pressure values is given in 
fig. 5-12. All these computations assumed the gas composition indicated in 
table 5-1. 


1^-02 APU Turbine Mechanical Design 

Mechanical design of the ^ 2*^2 tur ^' ne induced consideration of the 

turbine aerodynamics, thermal management, stress analysis, and metallurgical 
problems, all of which influenced the final configuration. Important parameters 
that influenced the final design include the need for an efficient two-stage, 
partial -admission impulse-turbine design, running with close tip clearance 
(0.010-in.); the use of hydrogen-rich working fluid; the need to avoid heat 
soak-back after shutdown; and the requirements of long-life, including many 
starts and stops. The overall cross section of the machine is shown in 
dwg. 581192. 

Because of efficiency, the radial and axial location of first-stage turbine 
blading relative to the inlet nozzle is critical. Clearance between the blade 
tips and the stationary segments must be minimal at the hot design operating 
conditions. To predict these clearances, it is necessary to determine by means 
of a thermal model the hot temperature distribution at several specified 
conditions. The prediction of tip clearance is further subject to uncertainties 
because distortion may be present. Referring to fig. 5~13» the turbine housing 
that supports the seal segments around both wheels must reach back to the 
gearbox through the hot zone of the turbine exhaust torus. It is desirable to 
keep the structure supporting the hot structure uniform in temperature and as 
cool as possible to minimize distortions. 

The first-stage turbine wheel is mounted to the second-stage wheel, and the 
two are attached to the shaft by four studs. Centering and power transmission 
is accomplished by curvic couplings, shown schematically in figs. 5“1^ and 5-15- 
To maximize heat transfer between the two wheels, the conventional convex-to- 
concave curvic coupling configuration is used, while the second-stage, wheel- 
to-shaft attachment is done through convex- to- con vex curvic couplings. The 
poorer heat transfer through the convex- to-convex coupling will minimize the 
heat flux into the shaft and the bearings. The four studs are loaded in 
tension to the design load of 3900 lb by a hydraulic loader that attaches to 
the portion of the stud extending beyond the nut. This extension is later 
cut off. Each nut is supported by the turbine wheel, thus preventing loading 
of tne stud end caused by centrifugal force. Lands on the studs provide support 
for the stud in the wheel during rotation. 

The spline coupling, bearing, and bearing spacer are held in place by a 
center tie bolt (see dwg. 581192) loaded in tension to about. 10,000 lb, which 
stiffens the rotating assembly. The shaft effective diameter In bending is 
increased in this way to approximately that of the ball bearing inner race. 

The shaft stiffness increases roughly as the cube of the diameter. 
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Figure 5-10. — Efficiency vs u/Co at Different Pressure Ratios. 
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Figure 5 - 11- — Efficiency vs Pressure Ratio. 
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Figure 5” 12. — Efficiency vs Developed Power. 
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The outside of the shaft is slotted for the full length of the bearing 
fit. Oil for ball bearing inner race cooling is pumped through these slots 
by a centrifugal slinger. Internal splines at the end of the shaft opposite 
the turbine wheels transmit the output torque to gearbox via a quill shaft. 

The hydrogen rick working fluid may have a deleterious effect on all hot 
metallic parts. This limits the choice of materials available, and imposes 
additional restraints on the acceptable working stresses for turbine components. 

The two turbine wheels, the four studs and nuts, and the shaft are made 
of CRES V-57 steel, a modified CRES A286. V— 57 was selected because of its 
resistance to hydrogen embrittlement. The central tie-bolt material is 
INCO 718 stressed to about 126,000 psi. To protect it from the hydrogen 
environment, a cap is welded to the shaft end. Both ball bearings are made 
of M -50 tool steei and have a silver-plated 4340 steel separator. 

Some additional features of the rotating assembly are shown in fig. 5 - 16 * 

The bearing carrier is a rugged structure supporting the bearings and a stationary 
labyrinth seal on the turbine side. Resilient mounts are provided for both ball 
bearings (stiffness 60,000 lb/in.). These are secured with pins to prevent axial 
movement and rotation. Two springs and spring guides are used to provide a 
double bearing preload in the event of a thrust reversal. Oil is delivered 
to the bearings from two oil jets that are an integral part of the bearing 
carrier. Excess oil is carried away from the bearings to two slingers on 
the outboard of each bearing and by drain holes in the center of the bearing 
carrier. Early in the design of this machine, the use of carbon-face-type 
seals was considered to prevent oil from leaking into the turbine cavity. 

Because of development costs involved, it was decided to use a gas-pressurized 
labyrinth seal for the test hardware. Nitrogen buffer gas is introduced under 
pressure in the center of the labyrinth seal, and its flow in both directions 
prevents oil from leaking to the outside and hydrogen from entering the 
beari ng cavi ty. 

The turbine assembly is supported from the gearbox by a support housing 
(detail 6, in dwg. 581192), which is attached to the gearbox housing by a 
flange and 12 0. 25-in. -dia belts. The bearing carrier is bolted to the 
support housing by six 10/32-in. screws. Shims are provided between the bear- 
ing carrier and support housing to adjust the axial clearance between the 
first-stage turbine and nozzle. The support housing is bolted to the contain- 
ment ring, which reaches through the holes in the turbine outlet torus by 
means of six lugs. Since the containment ring is cooler, it is used to 
provide support and guidance for the turbine housing. The hot turbine housing 
is supported from the containment ring by twelve radial pins. These pins 
permit radial growth of the tu;bine housing and at the same time maintain the ♦ 

concentricity of the hot turbine housing relative to the containment ring anc 1 
the rotating assembly. Because the turbine housing expands and contracts with 
temperature, all connections between it and any cooler structure must have 
flexibility. During startup when the hot gases first begin to flow through 
the gas passages, an almost instantaneous heating and expansion of the structure 
in contact with the gas will occur. The lighter the cross-section of the com- 
ponent, the quicker will be its thermal response. The surrounding heavier 


j 
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structure will not respond as fast, resulting in a relative movement betweei 
the two parts that must be accommodated. Flexible structures are used in a 
number of places, e.g., between the first-stage nozzle torus and th( flange of 
turbine housing, to reduce the stresses between the hot and cold pa.'ts. 

This is mandatory for high fatigue life. 

After shutdown, heat contained in the turbi wheels and hot static 
structure will soak back to the cooler gearbox. The rate of this heat transfer 
will affect the temperature of turbine seal and bearings. This terrje ature 

will first rise and then fall as the entire APU reaches a thermal equ librium ♦ 

condition. The maximum bearing temperature attained is critical only if it 

exceeds the coking temperature of lubricating oi*. Thermal cycling of hot 
portions of the turbine can lead tc low cycle fatigue failures of the lot 
static structure. This imposed additional limitations on the maximum operating 
stress level of all components. 

In addition to allowing for radial dimensional changes between pats, j 

provision is made for their free axial growth. The radial pins in t! e contain- ! 

ment ring establish the axial location of the inlet torus and leave the 
turbine outlet torus free to move. When this occurs leakage of exhaust ! 

products is prevented by a double piston ring expansion joint. The nitre gen ' 

buffer gas used for the labyrinth shaft seal is also directed into the space j 

between the two piston rings. Since ^he nitrogen gas pressure is higher } 

than the ambient and higher than hydrogen outlet pressure, nitrogen will flow f 

outward in both directions, preventing leakage of hydrogen to the atmosphere. * 

I 

The hydrogen/oxygen combustor is shown in the upper right corner o f \ 

dwg. 581192. To prevent a localized hot area in the first-stage nozzle torus, | 

the hot gas from the combustor is introduced tr ngent ial l> downstream just beyond ] 

the last drilled nozzle. In this way, the hot gas must travel circumferentially j 

almost 170-deg before entering the first nozzle, providing uniform heating of the j 

nozzle torus. A similar feature is built into the second-stage nozzle assembly. ; 

The annulus between the inlet of the second-stage nozzle and the discharge of the j 

first-stage turbine wheel permits circulation of hot gas. i 

I 

Although great effort has been made to minimize distortions, the possibility 
of rubbing between the rotating and stationary parts exists. If this should j 

occur, it should not be detrimental. Stationary segments installed over the \ 

turbine blade tips (segmented to provide for expansion) are fitted on the inner ? 

diameter with an abradable material that will wear readily if touched by the j 

rotating turbine blades. In the same way, the three labyrinth seal stators 
wi 1 1 wear to establish a running clearance with the rotor. The stator of the j 

shaft labyrinth is lined with bronze while the two turbine seals are made ; 

of 1/32 cell size stainless steel honeycomb. 


The rotating assembly is juilt up as a separate cartridge that can be 
installec or removed from the turbine housing. Trapped between the two turbine 
wheels is the second-stage nozzle ring, which is supported for balancing from 
the bearing carrier by a special assembly fixture. This fixture prevents damage 
to the intermediate labyrinth seal. The rotating assembly is dynamically balanced 
outside of the turbine in a special balancing fixture. 
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Bear i ngs 

The ball bearings selected for the APU are 205-size angular contact 
type with relieved inner ring and outer land riding machined separator. 

The material is M-50 for the balls and rings and silver plated steel for the 
ball separator. The nominal ON number is 1.575 x 10^. Computer analysis was 
carried out to design the bearing for the loads and speeds encountered during 
ground check, liftoff, reentry, horizontal flight, and landing. ", B^g fatigue 
life (90 percent survival) of 1000 hr is forecast under the des ! • ib- ; .tion 

acceleration, and unbalance conditions. The bearings are lubricated by 
directed flow from an oil jet and cooled by the same lubricating oil and also 
by the oil flowing under the bearing bores through slots cut on the shaft. 


j 
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Turbine Thermal Ar^lysis 

I ntroduction . — A sarlf . of computerized thermal analyses of the turbine 
assembly was performed for the configuration shown in fig. 5 - 17 just prior co 
the final design (fig. 5-18). The carbon face feat and tnu ,.jl barriers were 
replaced by a nitrogen pressurized labyrinth teal tc reduce development costs 
for the final test design. The thermal design configuration and the final 
design configuration are thermally conservatively similar. The purpose of 
the thermal design analyses was to support the mechanical design effort and 
verify thermal performance, acceptability, ana reliability of the p.oposed 
turbine concept. 

Analytical method .--A detailed thermal model (nodal network) simulating 
the above-mentioned turbine thermal design configuration was first constructed 
for use with the Ai Research thermal analyzer computer program (H0298) that 
is described in the following section. This model, consisting of over 
200 nodes (temperature elements) and shown in fig. 5 " 19 , was subjected to 
various boundary conditions corresponding to specified steady-state and 
transient operat i ng/soakback and startup conditions. The ensuing computer 
runs gave the temperature results reported herein. 

AiResearch thermal analyzer computer program (H0298) description . --To 
perform the detailed conduction, convection, radiation, and fluid stream heat 
transfer calculations, an analog of the thermal problem was constructed on the 
transient and steady-state thermal analyzer computer program (H0298) described 
below. 

Transient heat transfer calculations are oeveloped by the explicit finite 
difference method described by Dusinberre (ref. 5"1)- This ..'ethod is based 
on the transfer of heat along thermal resistance paths by virtue of a tem- 
perature difference between heat storage elements that absorb or release heat 
as a result of a temperature increase or decrease. 

Steady-state heat transfer calculations are based on the conservation of 
energy under equilibrium conditions. This means that all the heat flowing 
into an element plus the heat generated within the element must equal the 
heat flowing out of the element. The resulting equations in a steady-state 
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solution may be reduced to a set of simultaneous linear equations. These 
equations may be soh'ed by he iteration method, also known as the Gauss- 
Seidel method. The iteration or successive substitution method follows a 
fixed sequence of operations that (when repeated a sufficient number of times) 
will give a solution accurate within the limits of the model. In this method 
the temperature of each element is calculated as the weighted average of the 
temperatures of its neighbors plus the temperature rise due to heat genera- 
tion. This process is repeated for each element in the problem, and new 
values of the thermal resistance between elements are calculated on the basis 
of the new temperatures where necessary. These new resistance and temperature 
values art used to calculate successive sets of values, and the process is 
repeated until the temperature change between successive substitutions is 
acceptably small and the heat flow >ntc e£ch aleme i' matches the heat flow 
out within 2 percent . 

Heat tranrfer calculations may be input to fluid stream elements by 
conduction, convection, or radiation. Fluid stream heat transfer calculations 
have provision for preventing the outlet fluid temperature from overshooting 
the surrounding surface temperature, a thermodynamic impossibl i ty. The 
steady-state fluid stream calculations are based on thermal capacity rate 
calculations, while transient fluid stream calculations may be based on the 
thermal capacitance of each element moving in the fluid stream to simulate 
lag conditions. 


Heat transfer to the turbine blades is evaluated using the relative total 
temperature (T^.) of the hot gas flowing over the turbine blades and the 

turbulent flow flat plate heat transfer coefficient calculated from eq. ( 5— 1 ) 
below. 


0.0296 


K f l L V b P f 


0.8 1/3 


(5-1) 


In eq. (5"1)» the fluid properties are determined at Eckert's (ref. 5“2) 
reference temperature, as shown in eq. (5-2), 


T f = T + 0.5 (T. - T) + 0.22 (T’ - T ) 
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(5-2) 


where 
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Heat transfer along the sides of the turbine disks is calculated con- 
sidering disk pumping and windage friccion. Disk pumping produces a recir- 
culation flow of hot gas between the turbine disk and shroud, and the windage 
friction adds heat to this recirculation flow. 

The heat transfer coefficients along the sides of the disk are calculated 
by the methods described by Richardson and Saunders (r^f. 5-3)- The laminar 
flow equation used for RE <: 200,000 is given as eq . (5-5). 


h . « 0.4 (Cj f GRAS •. 
d h r 


jgR 2 (RPM)P \ 2 1 1 'Y P, 


(5-5) 


Ti.e turbulent flow equation used for RE > 200,000 is given as eq. (5-6) 

K f fi ?* 2 ( RPM ) p l°‘ 8 / p r \ 1/3 

h d - 0.0,95 (C h ) J (jL) (5-6) 


K f fl ? 112 op«)f|°' 8 /p r y 

R l |i J \ 0. 7 f 


(5-6) 


If the value of H calculated from either falls below SKF (2)/DG, when DG is 
the gap spacing between the rotating disk and a static shroud, then the value 
of H = SKF(2)/DG. Windage friction is calculated from eqs . (5-7), (5-8), 
(5-3), and (5-10) for enclosed rotating disks, the applicable equation depend- 
ing on the regime of flow. 

Regime 1: When RE < 2.84 ( and RE < 1.58 x 10 5 


/RPM \ 3 /r\ 5 _£_ 
q . . - 7.58 X 10 9 \L° 00 / ] - ,-iL* 

w,nd rajjpj 

/ d x 2,21 

Regi me 2: When RE ' 2. 84 f ^g-J and RE < 1 .58 x 10 5 


RPM 

0000 

f(f ) s te)' 

' dg\° * 1 
R / 


RE 0,5 


> 5 < 

RE < 1 x 10 6 


RPM 

\ 3/ R \5 / p ' 

J / dg\®- 1 

1000 

/ \ 5 / \ 32 . 2 j 

’ \R / 


(5-7) 


(5-8) 


(5-9) 


5-37 


( 5 - 10 ) 


where 


Regime 4: When RE >1 x 10 

q . , = 0.627 * 10 

^wi nd 
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5 _p_ 
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te) R 2 (PPM) P 

RE 

-3 

u 

R 

S 

disk radius, ft 

RPM 

s 

revolutions/mir 

P 

- 

dens i ty , lb/cu ft 

U 

s 

viscosi ty , lb/ft sec 

DG 

= 

gap between rotating disk and static shroud, 

*wi nd 

s 

windage heating, watts 
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Heat transfer in the nozzles is calculated by the method given in Bartz 
(ref. 5-4). Conduction heat transfer throughout the turbine assembly con- 
siders the variation of thermal conductivity and specific heat of each mate- 
rial with temperature. 

Thermal results .--A series of eight thermal analyses was performed on the 
thermal model shown in fig. 5-19- Four steady-state and four transient 
thermal analyses were performed. Six of the eic'it thermal analyses assumed 
Udimet 700 turbine disks with a turbine iniet temperature of 1600 F, whHe the 
remaining two cases assumed V- 5/ turbine disks and tie bolts with a 1500 F 
turbine inlet temperature. 

The following steady-state and transient tne r ma1 analyses were performed: 


Case 

1 : 

Sea- level, full-power, s «.■!) * ate conditions with 1600°F 
TIT, 200°F oil, and Udimet 700 dicks. 

Case 

2: 

Sea-level, idle, steady-state conditions with l600°F TIT, 
200°F oil, and Udimet 700 disks. 

Case 

3: 

Altitude, idle, steady-state conditions with l600°F TIT, 200 
oil, and Udiment disks. 

Case 

4: 

A transient soakback analycis from altitude, idle conditions 
obtained frem case 3- 

Case 

5: 

A 70 C 'F start acceleration tc. sea- level idle conditions 
described in case 2 with 100 F oi 1 . 
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Case 6: A 70° start acceleration tc ^ea-level, full-power conditions 

described in case 1 with 100 F oi 1 . 

Case 7: A 70°F start acceleration to sea-level, full-power conditions 

with li>C0°F TIT, 100°F oil. and V-57 bolts and disks. 

Case 8: Sea-level, full-power, steady-state conditions with 1500°F TIT, 

100°F oil, and V-57 boUs and disks. 

Labyrinth seal leakage, disk pumping, and oil flo w.--ln order to perform 
the thermal analysis of the turbine assembly, it was necessary to calculate 
the labyrinth seal leakage flow rate (l) from tne first stage overboard, 

12) between the first and second stages, and (3) the second-stage over- 

board. The disk pumping flow rate and the cooling oil flow rates also were 
required. Table 5-3 lists the labyrinth seal leakage flow, the disk Dump- 
ing flow, and the cooling oil flow for each of the conditions ? Jyzed. 

The labyrinth seal leakage flow was estimated using the technique given 
in dossier (ref. 5-5). The disk pump i ng. flow was estimated using Metzger 
(re f . 5-6). 

Table 5-3 


LABYRINTH SEAL LEAKAGE, DISK PUMPING, AND COOLING OIL FLOW 




Disk pumping 



— 

! 


leakage 


First stage Second stage 

Cool i ng oi 1 i 
l 



m 


Front , 

m 


Aft , 

Flow 
Rate , 


Case 

No. 1 , 


No. 3, 

lb/ 

HOI 

F ron t , 

lb/ 

lb/ 


no. 

lb/h r 

■ 

hr 

hr 

mm 

lb/h r 

hr 

mi n 

mm 

1 

25.316 

26.236 

3.984 

13-02 

23-37 

0.0 

6.762 

8.013 

200 

2 

2.82 

2.821 

4.782 

4.976 

5.327 

0.0 

4.682 

8.013 

200 

3 

3.31 

3-391 

0.4815 

2.566 

2.719 

0.0 

1.792 

8.013 

200 

4 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

N/A 

5 

2.82 

2.821 

0. 10 

4.976 

5.327 

0.0 

4.646 

8.013 

100 

6 

25.316 

26.236 

3.984 

13.02 

23.37 

0.0 

6.762 

8.013 

100 

7 

24.094 

24.946 

4.187 

9-95 

18.7 

0.0 

5.96 

8.013 

100 

8 

24.094 

24.946 

4.187 

9-95 

18.7 

0.0 

5.96 

8.013 

100 
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Steady -s tate r e sul ts .--Temperature distributions for the four steady- 
state thermal analyses of the turbine assembly (including disks) during 
steady-state operations are shown in figs. 5-20 through 5-29- 

Fiq. 5-20 presents the thermal distribution of the turbine assembly 
for a turbine ini it temperature of 16QQ°F at sea-level full-power conditions. 
The analysis also assumes a 200°F oil inlet temperature and Udirnet 700 disks. 
The temperatures were found to range from 203°F for the quill shaft to 1 1 °F 
for the first-stage nozzle assembly. The first-stage blade was found to be 
1353°F and the second-stage blade 1026°F. The disk temperatures varied from 
1272° to 1 333°F for the first stage and 1100°to lOW^F for the second 
stage. Note that the rim of the second-stage disk is slightly cooler than the 
uore of the disk. This is due to axial conduction into the bearing sump. 

Fig. 5-21 presents the thermal distribution of the turbine assembly 
for a turbine inlet temperature of 1600°F at sea-level idle power conditions. 
An oil inlet temperature of 200°F was assumed, as were Udirnet 700 disks. The 
temperatures were found to vary from 202°F for the quill shaft to 1**85°F for 
the first-stage nozzle assembly. The first-stage blade was 1366°F with a 
first-stage disk ranaina from 1287°F at the bore to 1372°F at the rim. The 
second-s tage Q b i ade was 1201 F wi th a disk temperature range of 1185 F at the 
bore to 1203 F at the rim. 

Fig. 5-22 presents the thermal distribution of the turbine assembly 
for a turbine inlet tempera iure Q cf 1600 F at altitude, idle power conditions. 
An oil inlet temperature of 200 F was assumed, as were Udirnet 700 disks. The 
temperatures varied from 201°F for the quill shaft to 1 Vi 0°F for the first- 
stage nozzle assembly . The first-stage blade was 135** F wi th a first-stage 
disk ranging frcm 1259 F at the bore to 1337°F at the rim. The second-stage 
blade was 1055 F wi th a disk ranging from 1108 F at the bore to 1069°F at the 
rim. Again, the effects of axial conduction into the sump are evident since 
the second-stage disk rim temperature is lower than the bore temperature . 

Fig. 5-23 presents the thermal distribution of the turbine assembly for 
a turbine inlet temperature of 1500 F at sea- level, full -power conditions. An 
oil inlet temperature of 100 F and V-57 {jolts and disks were assumed. The 
temperatures were found to vary from 107 F for the quill shaft to 1***»7°F for 
the first-stage nozzle assembly. The first-stage blade was 1282°Fwi* -1 ' a 
rirst-stage disk ranging from 1207°F at the bore to 126**°F at the rim. The 
second-stage blade was found to be 991 F with a disk temperature range of 
10**9 F at the bore to 1008 F at the rim. Again, the effects of axial conduc- 
tion on the second-stage disk temperatures are noticeable. 

Startup transient resul ts . --Startup transient thermal results were 
obtained primarily to determine the turbine disk temperature gradients and 
resulting thermal stresses that occur during such extreme transient c i.di- 
tions. Two types of transient thermal results are presented. The first is 
a thermal distribution of the entire turbine at a specific time • ;ito the 
transient, and the second is a family of curves for both the first- and 
second-stage turbine disks showing the temperature history of the various 
disks as a function of time and disk radius. 
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T«* <*F> 

Mode 

Tme (*f) 

Mode 

r«» <*r> 

Mode 

Ta« (*f) 

Mode 

town (•»' 

1 

1055 

41 

1266 

11 

342 

121 

M3 

i 

I6l 

1053 

2 

1069 

42 

1262 

12 

319 

122 

ITS 


162 

1100 

5 

1079 

43 

1260 

63 

226 

123* 

705 


163 

1147 

A 

1090 

44 

1259 

64 

219 

124* 

1539 


164* 

1103 

5 

1097 

45 

1263 

IS 

456 

123* 

1551 


163 

1121 

6 

1 31 

46 

1277 

66 

556 

126* 

1592 


166 

1194 

7 

1104 

47 

1271 

67 

222 

127* 
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167 

1216 

• 

1109 

46 

1264 

•6 

311 

126* 
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166 

1409 

9 

1111 

49 

1259 

69 

274 

129» 

362 


169 

1223 

10 

mi 

SO 

1256 

90 
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266 


170* 

1099 

II 

1109 

51 

1254 

91 
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not 

52 
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92 

314 

132 

249 
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1253 

15 

not 

53 
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« 
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10t6 

54 
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94 

259 
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l»0 

15 

1097 

55 

1276 

95 

250 
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175** 

M/S 

16 

1090 

56 
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96 
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M/S 
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57 
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97 

25 2 
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246 


1 77** 
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if 
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st 

1262 

96 

246 

I5t 

269 


176** 

H/3 

19 

ioei 

59 

1261 

99 

255 

119 

319 


179** 

N/S 

20 

1061 

60 

1260 

100 

246 

140 

379 


160 

530 

2t 

1062 

61 

1279 

101 

250 

141 

414 


111 

901 

22 

1116 

62 

1244 

102 

246 

142 

431 


162 

675 

23 

1123 

63 

601 

103 

267 

143 

439 


163 

931 

24 

1129 

64 

792 

104 

360 

144 

325 


164 

941 

25 

1142 

65 

761 

105 

462 

143 

244 


163 

929 

26 

1139 

66 

542 

106 

444 

146 

256 


166 

876 

27 

1135 

67 

426 

107 

541 

147 

346 


167 

791 

2f 

1133 

66 

304 

106 

726 
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Figure 5-22. —Space Shuttle APU Turbine Assembly Temperature Distribution 
for Case 3 * 
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Figure c -28.~ Space Shuttle APU Turbine Assembly Temperature Distribution 
for Case 7 at Startup, t » 40 sec. 
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Figure 5-29 • FI rst- and Second-Stage Disk Temperature Distributions Curir 
Startup Transient to Steady-State Operations (Cases 7 and 8) 
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Figs. 5-24 and 5-25 present the thermal distribution at t = 40 sec 
and the temperature history vs radius for the first- and second-stage disks. 
These results are Q based on an initial (starting) uniform turbine assembly 
temperature of 70 F, in addition to the same boundary conditions previously 
stated for the sea-level, idle, steady-state results. This, of course, assumes 
that the boundary conditions remain reasonr.oly constant throughout the startup 
transient from initial conditions to sea lavei idle. As expected, the results 
indicate large turbine disk temperature gradients immediately after startup 
initiation, particularly for the first-stage disk. These gradients are 
gradua’ly reauced until they are at their minimum when steady state is 
achieved. The steady-state condition corresponds to case 2. 

Figs. 5-?f and 5-27 present the transient thermal results from a 
70 F stgrt to sea-level, full-pow»r conditions with a turbine inlet temperature 
of 1 600 F. The thermal results are similar to the previous case. The steady- 
state condition corresponds to case 1. 

Figs. 5-28 and 5-29 present the transient thermal results for the 
1500 F turbine inlet temperature condition with V- 57 bolts and disks from a 
70 F start to sea-level full power. The steady-state condition corresponds 
to case 8. Again, the thermal results are similar to the previous two cases. 

Shutdown transient resul ts . --Figs . 5-24 ind 5-25 present the thermal 
results of a soakback thermal analysis from an altitude, idle, 1600°F turbine 
inlet temperature condition. The soakback transient thermal analysis was 
obtained primarily to determine the maximum (hot-end) turbine bearing and 
stagnant oil temperatures that occur during shutdown thermal soakback follow- 
ing normal altitude, idle, steady-state operation. During steady-state opera- 
tion, there is no problem with the bearing and o ! l temperatures since active 
thermal control is provided by oil flow through the bearings and shaft; how- 
ever, after shutdown, oil flow stops, and there is no longer any thermal 
control (unless it is provided by other means). The large amount of energy 
stored in the turbine disks during steady-state operation (at much higher 
temperatures) now slowly conducts (soaks back) to the shaft, bearings, and 
other low- temperature surroundings until an equilibrium conduction eventually 
is achieved. During this time the bearing and oil temperatures continue to 
increase until this condition is reached. Thus, it is obvious that the max- 
imum bearing and oil temperatures during shutdown soakback are primarily 
dependent on two factors: (1) the thermal energy level of the turbine disks 
as determined by the turbine inlet temperature during steady-state operation, 
and (2) the thermal capacity (ability to absorb heat) of the materials sur- 
rounding the disks, especially in the area of the bearings. 

Fig. -30 presents the temperature distribution of the turbine assembly 
during a soakback from altitude idle at t * 80 sec. Fig. 5-31 presents 
temperature histories of various parts and components of the turbine during 
soakback. These include the first-stage disk, the second-stage disk, the 
turbine shroud, the face seal support, the face seal rotor, the turbine end 
bearing, and the gear end bearing. The results indicate that no danger of oi ■ 
coking during soakback exists for this turbine design. 
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Shuttle APU Turbine Assembly Temperature Distribution 
se 4 at Shutdown, t ■ 80 sec. 








Stress and Dynamics 


In the analysis of the structural integrity of the APU for the 

operating environment described below particular attention was paid to the 
dynamic and thermal aspects of the design. The APU rotor is designed for 
2000 stop-start duty cycles and 1000 hr of operation. In the life calcula- 
tions, it was assumed that the worst operating condition was the only mode of 
operation for the full 1000 hr and 2000 duty cycles. Other pertinent design 
criteria are listed in table 5-4. The design loading conditions listed in 
table 5-5 were formulated with NASA-Lewis approval from several sources of 
published data and specifications for the Space Shuttle program. All loads ?re 
assumed to be applied to the APU rotor simultaneously and to act continuously 
through the operation. 


TABLE 5-5 
LOAD CONDITIONS 


Type of loading 

Magni tude 

Aece 1 e ra t i on 

± 4 g 

Gy ros cop i c 

3.5 rad/sec 

Vibration 

* 5 g 

Unbalance 

0.02 gm-in. (each wheel) 


Turbine wneel stress analys is .--For turbine wheel disc stresses, the 
radial and tangential components of the combined centrifugal and thermal 
stresses on the first-stage turbine wheel disc from transient to steady-state 
condition are shown in figs. 5*32 through 5~35* Temperature distribution in 
the disc is presented in fig. 5-36 for the 1500°F TIT, sea-ievel, full-power 
operating condition at a turbine speed of 63>000 rpm. The combined stresses 
on the second-stage turbine wheel are shown in figs. 5“37 and 5"38, and fig. 
5 _ 39 indicates its temperature distribution in the disc for the same operating 
condition as the first-stage wheel. In both steady-state and transient stress 
distributions, the discontinuity in stress at midradius is due to the influence 
of the curvic coupling platform. 

The disc rims of the first- and second-stage wheels experience compressive 
tangential stresses during startup due to high thermal gradients from the disc, 
tip to the center of the wheel (as shown in figs. 5 - 32, 5 _ 33» 5 - 34, and 5” 37) - 
The maximum elastic compressive tangential stress at the disc rims is shown in 
fig. 5 - 40 as 110 ks i at 9 sec and 76 ksi at 18 sec after startup for the first- 
and second-stage wheels, respectively. The radial tip growth of the first- 
stage turbine wheel during transient to steady-state operation is shown in fig. 
5-41. 
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TABLE 5-4 


PERTINENT DESIGN CRITERIA 


Comport jn t 

Parameter 

Des i gn c r i te r i a 

Turbine 

wheel 

Overspeed 
(hot run) 

Design overspeed to be 1.35 * 63,000 rom 
= 85,000 rpm 



Average stress in the turbine disc to be 
less than 80 percent of the ultimate 
strength 


Disc radial 
growth 

Total creep strain that turbine disc 
experiences at the end of 1000 hr to 
be approximately 0.2 percent 


Operational iife 

Combined effect of creep and fatigue to 
be considered 



Uses a cumulative damage theory; a 0.5 
percent creep strain is considered to 
be fai lure strain 

Turbine 
wheel bolt 
and central 
tie-bolt 

Design 
envi ronment 

Operational life 

Simultaneous application of accelera- 
tion, vibration, gyroscopic, thermal, 
centrifugal, and wheel unbalance loads 

Fatigue and relaxation to be considered 


Assembly lockup 

No looseness permitted under the com- 
bined loadings 

Static 

structure 

Des i gn 
envi ronment 

Design only for ground operation 

Thermal and pressure loads to be 
cons i dered 

Rotor 

dynamics 

Critical speed 

Critical speeds to be excluded from the 
operating speed range 

Containment 

structure 

Wheel burst 

Design to contain all wheel fragments at 
burst 

Mater’ al 

Properties 

Use available minimum properties in the 
strength calculation 
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Radius from the rotational a* is, in. 


Figure 5 - 33 • — Ft rst-Stage Turbine Wheel Disk Stress vs Radius. j 
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1 I 1 

Condition: Steady-state, sea level. 


full power, 63,000 

rpm 
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vs Rad i us . 
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Figure 5 -i »1 .--FI rst-Stage Turbine Wheel Transient Wheel 
Tip Radial Growth. 
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For turbine wheel operational life, the criteria investigated include 
fatigue, creep, and the combined effect of fatigue and creep. The ana’ysis is 
centered on the bolt-hole region of the wheel and •’he disc rim, where theoreti 
cal stress concentration factor* of 2.1 and 1.2 exist at the bolt hole and the 
rim, respectively. 

Fatigue cycles to failure were determined by the AiResearch computer pro- 
gram, which uses the Wetzel-Morrow elastic-plastic method in combination with 
the Manson-Hi rschberg universal slopes technique for predicting life. Scatter 
factors of 10 foi high cycle fatigue c..d 3 for low cycle fatigue are applied 
to the calculated cycles to failure. Further, the 0.5 percent creep strain is 
considered a conservative rupture strain for determining the combined effect 
of fatigue and creep. The creep data for an austenitic alloy V-57, grade E 
(as obtained from NASA-Lewis) are shown in figs. 5“42 and 5“43* 

The comb'-'ed effect of fatigue and creep is based on the following 
cumulative damage theorv: 



where n = number of required stop-start Jutv cycles 
N = cycles to fa i lure 
t * required operating hours 
C * time to creep 0.5 percent strain 

In the analysis, it is assumed that two stop-start duty cycles per 1-hr opera- 
tion will occur. Since the first-stage turbir.e wheel is more critical than 
the second-stage wheel in terms of stress and thermal distribution, the 
analysis is conducted only for the first-stage wheel. 

The result of the stop-start duty cycles at turbine bolt hole is shown 
in fig. 5-44. The effect of overspeed (to prestress the bolt hole) to 82,000 
rpm prior to the first duty cycle is included in the analysis. At the design 
turbine speed of 63,000 rpm, the steady-state stress level during operation 
at the bolt hole, which is located 0.75 in. from the rotational axis, is 42.0 
ksi (see fig. 5-35). This stress level at the vrfieel metul temperature of 
1215°F determines the stop-start duty cycles of the wheel at the bolt hole. 
Assuming that the stress fluctuates from 0 to-42.0to 0 ks i r the cycles tc 
failure are 77,500 cycles. A typical computer output is rhowh in table 5-6. 

As shown in fig. 5-45, the time to creep 0.5 percent strain at 1215°F is 
approximately 10,000 hr. 




Aerospace structural handbook ("0 grade* 



eve) versus Larson-Mi 1 ler Parameter 
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Combined fatigue and creep effects for the wheel at the bolt hole as a 
function of speed is given i r, fig. 5-46. The total operational life of the 
wheel at the bolt hoi-: is 7900 hr and 15*800 duty cycles. 

The operational life of the disc rim of the first-stage turbine wheel is 
controlled by fatigue. The creep damage to the rim is negligible because the 
stress lev^l during the steady-state operation is low (see fig. 5-35) • The 
result of the stop-start duty cycles at the disc rim is presented in table 
5-7; (fatigue only) the operational life is 3210 hr and 6420 duty cycles, 
(combined fatigue and creep). 

The total creep strain experienced by the first-stage turbine wheel during 
1000 hr of operation will be approximately 0.2 percent strain (see fig. 5-26); 
the permanent radial growth of the wheel is 0.00583 in. at the end of 1000 hr 
operat ion. 

Critical speed analysis . --A critical speed analysis of the rotating 
assembly was performed using an Ai Research critical speed analysis computer 
program. The analytical model and the critical speeds as a function of bear- 
ing resilient mount spring rate are shown in fig. 5-47- The resilient mount 
bearing stiffness is 60,000 lb/in. for both bearings. Shown in fig. 5-48 
are the radial deflections at the first-stage turbine wheel with a maximum 
out-of balance tolerance of 0.02 gm-in. with no damping in the bearings. 

D ast experience has shown that traversing balanced rigid body modes will 
not produce any problems. As shown in figs. 5-47 and 5"48, the operating speed 
range is well clear of both rigid body and flexible mode., . 

Containment analysis: — The containment structural analysis was conducted 
to determine the geometrical requirements foi the containmert structure for 
safely containing the turbine wheel fragments from a burst wheel. The design 
is intended to prevent the following two types of failure: 

(1) Piercing — The thickness that prevents piercing the containment 
ring is selected on ? basis that permits deformation up to the 
point of cracking the armor. 

(2) Hoop burst --The quantity of ring material and its configuration is 
selected on a basis such that the total translational fragment 
energy in a wheel is absorbed by plastic deformation of the armor. 

The volume of the material selected is such that a tensile hoop 
failure of the armor is prevented. 

Ai Research conducted numerc. whirl-pit wheel burst tests using a 
variety of cc i ta i nments , wheel materials, and shapes. Based on the test data 
with theoretical interpretation, an empirical formula was developed to design 
a safe containment structure. The subject containment ring is designed to 
operate at the metal temperature of 500 F and will contain a quad-hub burst 
(because of four turbine bolt holes) of the wheel at the turbine speed of 
113,400 rpm. The containment material is a maraging steel 18 Ni-250. 
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Turbine wheel bolt analysis: The turbine wheel bolts used in assembling 

the first- and second-stage wheels to the rotor shaft are designed to take 
simultaneous loads from acceleration, vibration, gyroscopic, thermal, cen- 
trifugal, and '.‘heel unbalance imposed on the two wheels during the APU opera- 
tion. The pertinent design loads are listed in table 5“5- 

The bolt preload is carefully determined so that no separation between 
the wheels and the rotor sha f t occurs during the APU operation under the 
combined loads. Furthermore, the stress level at bolt operating temperature 
should be low enough such that only a negligible amount of bolt relaxation 
will result in 1000 hr of operation. An appreciable amount of relaxation 
will result in loss of preload and allow wheel sepaiat m fron .ne --otcr shaft 
under external loads. The bolt preload also must overcome axial disc shrinkage 
of the wheels due to centrifugal-thermal loads and relative thermal expansion 
of wheels and bol ts . 

Bolt materia 1 is an austenitic alloy V- 57, which is the same as that used 
for the turbine wheels and thus minimizes the bolt preload required to over- 
come differential thermal expansion between bolt and wheei. The material 
exhibits good relaxation resistance and fatigue properties at operating 
temperature . 

The required preload for room temperature assembly is 3^3 to 3880 lb, 
and the nominal bolt stress levels are 71.30 and 80.0 ks i , respectively. At 
an operating speed of 63,000 rpm and operating temperature of 1100 F, the 
wheel bolt preload stress level becomes 26.1 to 33-0 ksi. This reduction in 
stress level is due primarily to the axial wheel shrinkage and the relative 
bol t-to-wheel expansion. As shown in fig. 5"49, bolt relaxation in 1000 hr 
is negligible at 1100 F and a stress level of 33-0 ksi. The stop-start duty 
cycle capability of the bolt at the thread root is 2500 cycles, with a 
reduction factor of 10 on the calculated 25,000 cycles. 

Central tie bolt analysis: The central tie bolt used to assemble all 

the rotating assembly stacks (e.g., ball bearings, oil slingers, and a bearing 
spacer) as one rigid rotor is designed to take simultaneous loads from accel- 
eration, vibration, gyroscopic, thermal, centrifugal, and wheel unbalance 
imposed on the two-stage wheels and on the rotor shaft during the APU opera- 
tion. The pertinent design loads are listed ir table 5 5- Based on the 
design criterion that no looseness is permitted in the rotating assembly during 
the APU operation, the bolt preload was determined so that no separation of 
the rotating assembly stacks occurs when subjected to various enternal loading 
conditions. Since the temperature of the compression stack is lower than that 
of the tie bolt during operation, a bolt consisting of Inconel 718 AMS 5662 
was selected because its thermal coefficient of expansion is lower than that 
of the compression stack, and also it has good fatigue properties. 

The required assembly preloads are 8970 to 10,1 40 lb, and the nominal 
bolt stresses are 112.3 and 127.0 ksi, respectively. Similar,'/, the steady- 
state operating stress levels in the bolt are 62.4 to 76.3 ksi. The stop-start 
duty cycles of the tie bolt |t bolt head is approximately 10,000 cycles at 
the metal temperature of 850 F, with a reductior factor of 10 on the calculated 
cycles of 100,000 cycles. Creep was not critical because the stiess and tem- 
perature levels are relatively moderate for Inconel 718. 
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Static structure analysis: Critical areas of the static structure have 

been designed for 300 hr of ground testing. The thermal levels for this con- 
dition are 1500° and 1600°F TIT. Temperature gradients and operating pressures 
used in the analysis are listed in table 5'8. Structural items 1 through 6 (as 
defined in fig. 5~50) are considered to be critical, and detailed analyses were 
performed and adequate margins of safety established. Particular areas such as 
the inlet manifold flexible joint and the first- and second-stage seals (items 2, 
3, and k) have .high transient temperature gradients during the startup phase of 
the operation; therefore, special attention was given to '.he load induced by the 
thermal differential deflection between the element and connecting structures. 

A typical structural computer model is shown in fig. 5“51 • This model 
is used for trie stress analysis conducted for the first-stage seal 
(PN 581221-1.) The basic structural member incorporated in the computer pro- 
gram is a circular ring element having a triangular cross-sectional area. 

Each element is assumed to be isotropic, but temperatures, moduius of elastic- 
ity, and thermal coefficients of expansion are specified at each nodal point 
of the structural model. The pressures are assumed to be constant across 
each element surface and the temperatures are specified at each nodal point. 
Displacements for each nodal point and stresses (includ. .,g the Von Mises 
effective stresses for each triangular element) are a computer output. Maxi- 
mum stresses existing in items 1 through 6 and margins of safety for possible 
failure modes considered in the analysis are briefly summarized in table 5-8. 

Gearbox Design 

The preliminary design of the gearbcx .for the reference system is 
entirely different from the detail design of test system gearbox. A major 
consideration was fabrication cost of the test unit. Both designs are 
described below. 

Ze ro-g ray j ty- gearbox des ign .--Th is gearbox is a flight-type lightweight 
design incorporating zero-gravicy (0-g) ltibtic#tion features and three power 
output pads, two for hydraulic pumps and a third for an alternator. It ir- .or- 
porates a carrier-gas lubricant scavenge system. Fig. 5-52 shows the gearbox 
design, which involves a nitrogen recirculating fan, gas oassages to scavenge 
lubricant from the turbine carrier and alternator, and the centrifugal separator 
design to handle the carrier gas return flow. 

Design requirements: The gearbox has the following design requirements: 

Output pad for electrical alternator (12,000 rpm) 

Output pads for hydraul ic pumps (6000 rpm) 

Means of circulating oil through the gearbox and the rotating 
assembl y 

Input pad for the rotating assembly (70,000 rpm) 

Structural support for the entire turbine power unit 
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Figure 5-50.— Structural item Definition. 
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Fitjure 5-52. --Cross Section, Power Unit, 
and Gearbox. 
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The gearbox was sized to accommodate the following typical components: 

Abex Model AP 27V- 1 variable-delivery hydraulic pumps 
Westinghouse Part No. ^N60F alternator 

Description: The gearbox shown in fig. 5-52 is a straight spur gear 

configuration with a single mesh reduction to the ulternator and a double mesh 
reduction to each of the hydraulic pumps. This arrangement results in the 
minimum number of gears and a lightweight, close coupled, rigid housing 
assembly. Gear size and proportions have been computer designed and are 
based on a 20-deg tooth pressure angle. The tooth loading on the high-speed 
pinion and the pinion bearing load are the most critical parts of the entire 
assembly. AiResearch experience in similar designs indicates that conservative 
design values should be used in such cases, particularly where the pinion is 
driving a pulsating load such as a multicyl inder, high-pressure pump. Accord- 
ingly, the pinion tooth Hertz stresses have been limited to 150 ksi. 

Input drive to the gearbox is provided by a quill shaft connecting the 
turbine shaft and gearbox input shaft. Use of a quill shaft permits consider- 
able freedom in the choice of the bearing mount flexibility and also minimizes 
the effects of alignment variances and torque pulsations. 

The gearbox housing consists of a lightweight assembly of two halves, 
each of cast, ribbed construction. Housing material is 355 aluminum alloy. 

The requirements Tor lightweight, high rigidity, and minimum internal free 
volume for the oil are satisfied by this design. 

The gearbox lubrication system is designed for operation in a zero-g as 
well as one-g environment. The concept used for circulating the oil mist 
through the gears and bearings is based on the NASA- sponsored technology 
developed in the Brayton cycle program. Some modifications have been made, 
however, to ensure that the oil mist is carried throughout the more complex 
gearbox. 

The operation of the system is shown schematically in fig. 5~ 53 • The oil 
and nitrogen gas are separated in the gearbox using the alternator gear as a 
centrifugal separator. The oil is then collected in the gear scoops and fed 
through the lubrication heat exchanger into two passages that distribute the 
oil to the alternator, bearings, and gear interfaces. The nitrogen gas is 
separated and fed out through the gear shaft into a nitrogen gas blower that 
distributes the gas through two passages, one to the alternator and one to 
the turbine bearing housing. The nitrogen mixture from the turbine housing 
and the alternator then enters the gearbox. Each of the four gears that 
drive the two pumps must be designed to collect the oil-foam mixture and 
direct the mixture to the alternator gear inner disk. This is achieved by 
minimizing the clearance volume around the gears and locating the baffling 
so that each gear will operate as a drag pump. 
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Test system gearbox . — The test system gearbox will use many existing 
components. The starting point for the gear train design was the planetary 
gearbox manufactured for the Lockheed SST-ECS compressor, which was designed 
and tested to operate at comparable input speeds and horsepower. Tw^ speeds 
were given: a turbine speed of 63,000 rpm and a hyiraulic pump speed of 5000 

rpm. In addition, the size of the two ABEX hydraulic pumps dictated the center 
spacing of the two output gears. The input horsepower from the turbine was 
given as 400. These basic parameters established the gearbox shown in the 
general cross section of dwg. 581193 and the gear train shown in fig. 5-54. 

The first-stage speed reduction comprises an 18-tooth pinion, three 54- 
tooth planet gears with carrier, and a 126-tooth ring gear. This combination 
provides a reduction of 7:1, or an output speed of 9000 rpm. The carrier 
supporting the planet gears is nonrotatinq. An arrangement of a cluster of 
three planets arouno the pinion reduces the load on the pinion gear teeth, 
and the radial loads on the pinion bearings. This is critical when pinion 
speeds of approximately 63,000 rpm are considered. The pinion is supported 
by two ball bearings, preloaded in one direction by a coil spring. A quill 
shaft transmits the torque from the turbine to internal splines in the pinion. 
The torque from the pinion is divided between three planet gears that rotate 
on bushings about fixed pins in the carrier. The planet gears also engage the 
ring gear, made somewhat flexible by its sirrll radial thickness and its 
extsrnal spline connection to the ring gear hub. Flexibility of the ring gear 
will compensate for inaccuracies in the gear system, assuring more equal load 
sharing between the three planet gears. 

The ring gear hub is pinned to the 9000-rpm pinion and held axially by 
a locknut on the end of the shaft. Torque from this gear is split equally 
between the two mating gears, and the speed is reduced to an output rmp of 
5000 by the tooth ratio of 55:95- By placing of the two output gears symmetri- 
cally about the pinion, the load on the pinion bearings becomes negligible. 

The two shaft of the output gears are provided with internal splines for 
coupling to two ABEX hydraulic pumps. 

As shown in fig. 5-54, the housing for the gearbox is made of two slabs of 
aluminum joined together on the vertical face. All bearings are installed in 
steel bushings that are bolted and shrunk in the aluminum housing and line- 
bored in place. The steel planet carrier is attached to the turbine side 
aluminum housing, and becomes the basis for the location of the other bearings. 
It carries the high-speed planet bearings and provides support for one of the 
9000-rpm pinion bearings. 

The gearbox and the turbine are lubricated by an external oil supply 
distributed tr 'ie gears and bearings as shown in fig. 5-55- 0 ! 1 to the high- 

speed turbin arings is supplied from the gearbox and enters the turbine 
bearing Carrie, via a coupling tube. In the turbine bearing carrier, one jet 
lubricates each Deari.ig, and the oil is returned to the sump by means of an 
oil s linger. Oil for cooling the turbine bearings enters the tube shewn at the 
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Figure 5-5^. — APU-T Gearbox Gear Train 









left of fig. 5-55, flow*., through the tube shown at the left, and flow? through 
t! i e tube inside the 9000- . pm hollow pinion shaft to the high-speed pinion, 
where it jets into the hollow quill shaft. From the quill shaft, the oil enters 
the turbine shaft, and flows through axial grooves under the two ball bearings 
and ball beaming spacer to the slinger, where it is puirped out and into the 
pump. Oil-jets within the gearbox are provided for lubricating the 63,000-rpm 
pinioii, the 9000-rpm gear, and the two bearings supportirg this gear. The rest 
of the bearing and gears are sp'ash lubricated. The planet bushings are lub- 
ricated by internal passages in the planet carrier that feed oil to the three 
stat i inary pins . 

The two ABEX hydraulic pumps rre attached at the gearbox using standard 
accessory pads. To prevent oil from leaking into the pad cavity, each snaft is 
fitted with a carbon-face- type seal. 
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COMBUSTOR DESIGN AND DEVELOPMENT 


SECTION 6 


COMBUSTION DESIGN AND DEVELOPMENT 


Combustor Design 

The hydrogen-oxygen combustor was designed to provide efficient combustion 
of fuel-rich gaseous hydrogen-oxygen mixtures. Additional requirements included: 

♦ 

(1) Good mixing within a short distance 

(2) Wall temperatures compatible with common high- temperature structural 
materials 

(3) Operation over a turndown ratio of at least 10:1 

(4) Operation over an oxi di zer-to-fuel ratio range of 0.4 to 0.9 

(5) Reliable ignition at startup without a requirement for sequencing 
the propellant flows 

(6) Capability of immediate relight in the event of flameout 

The combustor designed for the APU-T, illustrated in fig. 6-1, meets all 
these requirements. 

Fig. 6-2, a cross-sectional view of the combustor, illustrates most of 
the design features. The principal characteristics of the combustor are listed 
i n table 6- 1 . 

Oxygen is fed into an annular manifold in the head of the combustor sur- 
rounding the spark plug cavity; then it is metered th-ough eight nozzles 
arranged in a circle in the injector head and that discharge parallel to the 
combustor axis. A ninth oxygen passage, leading from the oxygen manifold to the 
spark plug cavity, is described later as part of the ignition system. 

Hydrogen is fed into a larger annular manifold in the combustor head just 
downstream of the oxygen manifold. From here, approximately 40 percent of the 
flow is directed into the cooling jacket (described later) and the reamining 
60 percent passes through the eight annular openings that surround the oxygen 
jets. Thus, the combustor burner has eight annular hydrogen-oxygen jets with 
the hydrogen on the outside. The oxygen is completely consumed before it can 
»• come in contact with any hot metal parts. 

The combusted gas mixture resulting from the main burner has a mixed tem- 
perature of approximately 2650°R, which is too high to be allowed to come into 
contact with uncooled wal Is . Therefore, the combustion chamber is surrounded 
by a copper liner that has an extended heat transfer surface of expanded metal 
fins brazed on its 0D (fig. 6-1). The previously mentioned cooling hydrogen 


6-1 




COMBUSTOR DESIGN SUMMARY 
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In effect, there ere nine injectors including the spark plug. 

'Velocities, etc., based on 600°R hydrogen. Actually hydrogen temperature will increase 
as It passes through wall cooling passages. 










flows past these fins and maintains an allowable wall temperature on the 
copper liner. After the cooling hydrogen is passed through the fins, it is 
injected into the combusted gas stream to provide additional mixing and 
further cool i ng. 

Ignition is obtained from a spark plug in which oxygen gas is fed into 
the annulus between the electrode insulator and the spark plug body. This 
oxygen then passes through the spark gap and out into the combustor. As the 
oxygen passes through the spark, some oxygen molecules are heated to a very 
high temperature and immediately come into contact with hydrogen molecules 
in the combustion chamber. This causes the oxygen jet issuing from the spark 
plug to ignite and form a pilot light for the remaining jets in the combustor. 
There are no special provisions to feed hydrogen to the area of ignition, as 
inherently there is sufficient hydrogen in the region because of the hydrogen- 
rich atmosphere in the combustion chamber. This type of ignition system will 
work under steady-state flow conditions in the combustor and does not require 
any special transient control of either of the propellant gases. 

This type of combustor is inherently capable of operation over wide pres- 
sure and/or oxidizer-to-fuel ratio ranges. The combustion zones are identical 
in principle to the common gas burner jet except that the oxidizer is the ini »r 
jet in this combustor. The length of the jet increases as the oxidizer-to-fuel 
ratio range is increased, just as a gas stove jet increases when the gas (inner 
jet) flow is increased. Chamber pressure has no effect upon the length of the 
jet, so combustor operation essentially is independent of chamber pressure 
throughout the desired region of operation. 

The combustor is made entirely of type 347 corros ion- res istant steel ex- 
cept for the copper liner assembly. The prototype test unit, illustrated in 
fig. 6-1, was built in several pieces and bolted together to facilitate exami- 
nation, modification, and assembly. This unit is to be reworked as shown in 
fig. 6-2 and welded or brazed together so the combustor body and manifold are 
a one-piece assembly. 


Combustor Test Results 

The combustor was tested in accordance with the combustor test plan ex- 
cept as noted herein. The only hardware modification required during the en- 
tire test program was to reduce the spark gap from 0.035 to 0.015 in. to obtain 
a spark at the higher operational pressures (200 to 300 psia before ignition). 
The combustor met all design performance requirements. 

Nozzle flow coefficient . — The flow coefficient of the combustor nozzle 
was determined by flowing hydrogen gas through the combustor and calibrating 
it against the NASA-supplied venturi PN 1/6 (0.2725 x 0.0680). The experiment- 
ally determined flow coefficient of 0.993 was used in subsequent data analyses. 
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Injector pressure drops . --The injector pressure drops were measured and 
found to meet the design objectives. Also, the flow split between the hydrogen 
injectors and the cooling jacket was found to be 35 percent through the cooling 
jacket. The design objective was 40 percent, but since the liner temperature 
remained less than 900°F, this coolant flow rate was considered to be sufficient. 

Operational envelope . --The combustor was ignited and performance tested 
over a range that exceeded the specified operational envelope of the test plan, 
as shown in fig. 6-3. The three test plan curves represent 1.5, 5-0, and 15-0 
Ib/min total propellant flow rates. 


Light-off limits . --The combustor originally was fitted with a spark plug 
with 0.035-in. electrode gap. Using this plug, it was found that the combustor 
failed to ignite at unlit chamber pressures in excess of 240 psia. A review 
of Pashen’s Law, which describes the relationship between the breakdown poten- 
tial of a spark gap as a function of the pressure- distance multiple, indicated 
that a gap of 0.035 in. was indeed too great. Therefore, a spark plug with a 
0.015- in. gap was used during the March 13, 1973 tests, and successful ignition 
was achieved under all conditions attempted. A summary of these conditions is 
presented in fig. 6 - 3 . which shows successful ignition at points completely 
surrounding the APU operational envelope. The typical design points plotted 
in fig. 6 - 3 »were taken from a compilation of system computer runs made on 
December 7 , 1972 to describe the operation of the p-esently defined APU. 


Characteristic velocity 
by the test data is shown in 
by the equation: 


( . — The characteristic velocity as determined 
fig. 6-4. Characteristic velocity was determined 


C* 


P A t g 
w 


A 


t 


A f 

g 


TR 


where: A 

9 


geometric area of throat, sq in. 


f = influence factor correcting for change in throat area 
K caused by metal temperature change during firing 


This is plotted against a background curve of theoretical C* provided by NASA 
for propellant inlet temperature of 530°R. 

C* efficiency . — The C* efficiency, calculated from test data is shown 
in figs. 6-5 and 6 - 6 . In fig. 6 - 5 , C* efficiency is plotted as a function of 
oxidizer- to- fuel ratio and in fig. 6-6 as a function of chamber pressure. 
Neither parameter appears to have an appreciable effect upon the chamber 
performance. 
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Chamber pressure after light-off 






Characteristi c veloci ty (C") , ft/sec 
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Chamber pressure, psia 


Figure 6-6. --Combust ion Efficiency as a Function of Pressure 





jf f i c i ency . --The C* efficiency, calculated from test data, is shown 
in figs. 6-5 and 6-6. In fig. 6-5, C* efficiency is plotted as a function of 
ox i d i zer-to-fue 1 ratio and in fig. 6-6 as a function of chamber pressure. 
Neither parameter appears to have an appreciable effect upon the chamber 
performance. 

Chamber wall temperature . --During all runs the combustor nozzle metal 
temperatures were recorded. After each run prior to March 13, 1973, the unin- 
sulated portion of the combustor wall was observed and the heat- induced dis- 
colorations indicated uniform heating of the wall downstream of the copper 
liner. The near-the-wal 1 thermocouple of the temperature profile tests indi- 
cated no hot zones throughout the five locations of rotation. The tip of the 

copper liner was coated with The*midex paint during the February 2, 1973 test 
sequence and observations of the color pattern on several occasions during the 
te r t sequence indicated uniform heating and a maxir.ium liner temperature greater 
than 770°R and less than 900°F. This includes operation with the average tem- 
perature of 1903°F (the average of the four gas stream temperature profile 
thermocouples) . 

Gas stream temperature profile . — The gas stream profile was mapped by 
means of four thermocouples located k.2$ in. downstream of the injectors. Dur- 
ing the test sequence the injector head and copper liner were rotated through 
five circumferential positions to provide for twenty tern rature data points 
under each test condition. These results showed that the combustor and cooling 
gases were well mixed by this point. 
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SECTION 7 


SYSTEM HE. i EXCHANGERS 


The heat exchanger specifications resulting from the preliminary design 
system analysis are presented below. The regenerator and preheater are ident 
cal. The hydraulic and lube oil coolers are also identical. 

Specification 

SSAPU Lubricating and Hydraulic Oil Cooler 


FUNCTION 3-I-/.5 

This heat exchanger is utilized in two different applications in the 
SSAPU propellant conditioning system. The use of one heat exchanger for two 
different applications was dictated by economic con-' derations. The lubrica- 
ting and hydraulic oils are cooled in order to maintain acceptable gearbox 
and hydraulic pump temperatures. The heat sink is hydrogen which has been 
conditioned to an acceptable temperature level by the preheater and the regen- 
erator. 

OESIGN POINT 

Table 7-1 lists the heat transfer design point for the lube/hydraulic 
cooler design shown on drawing L- 1 987 87 . The design point was established 
by system analysis, and represents a hydraulic oil operating condition. This 
design is adequate for all lubricating and hydraulic oil operating points. 


TABLE 7-1 

LUBE/HYDRAULIC COOLER HEAT TRANSFER DESIGN POINT 


Fluid 

Flow rate, )b/min 
Inlet temperature, °R 
Outlet temperature, °R 
Inlet pressure, psia 
Core pressure drop, psi 
Effectiveness 
Ouct diameter, in. 

Total Heat Transferred, Btu/min 


Cold Side 

Hot Side 

Hydrogen 

MIL-H-83282 

1.026 

52 

400 

775 

757.6 

733 

600 

200 

0.098 

1 .70 

0.953 

0.112 

1 .0 

1 .0 


1282 
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DESCRIPTION 


The lube/hydraulic cooler is a tube and shell multipass crossflow heat 
evchanqer. In both configurations, the overall flow direction is counterflow. 
The heat exchanger, as shown on drawing L - 1 98787 , has the fol lowing core 

oeoi ietry. 


Number of tubes 

Tube diameter 

Tube wa II th i chness 

Tube designation 
Insi de 
Outsi de 


120 

0.125 in. 00 
0.008 in. 

DMP08 
SU 25025 


T K e hydrogen inside the tdbes makes a single pass through the heat 
exchanger, and the shell side fluid flows across the tube bundle four ti~es. 

performance 

Figure 7-1 presents the hydrogen pressure drop of the heat exchanger and 
Figure 7-2 presents the same information for the oil side. These pressure drops 

do not account for inlet and outlet manifold losses, and are thus representa- 
tive of core and internal turning losses only. Manifold losses are accounted 
fcr in the system program as a portion of the ducting losses. Figures 7-3 and 
7-1* present the heat transfer conductance for the hydrogen and oil sides respec- 
tively. The syster progr-'m evaluates these conductances as a function of 
flow, corrects them for temperature and pressure dependent variations in 
physical properties, and then conbines the corrected conductances or. the two 
sides into an overall heat transfer conductance for the heat exchanger at the 
particular operating point. This overall heat transfer conductance, and the 
ratio of the weight flow-specific heat products uniquely determine the per- 
fcrrance of the heat exchanger. When used as the lube oi 1 cooler the s/ste - 
orogram also corrects the oil side values to account for the different oil. 

DISCUSSION 

The AiResearch thermal analyzer program has been utilized to examire i- 
detai I the operating conditions of the lube/hydraulic cooler. Two nodal -ocels 
were utilized, each with a total of 198 nodes; one ~odel was employed for fe 
Ijbe oil corf i curati on, and the other for the hydraulic application. Stead/ 
state operating conditions 14 and I SB were examined and the results ve'ified 
the oerfor-ance and pressure drop predicted by the syster co-pute- proc-a- 
from Figures 7-1 thru 7-k. The results of the thermal analyzer study were also 
util ; zed to define the structural requi rements of the heat exchanger, ard to 
e-su-e that no local temperatures occur that would lead to cor.gealirc of tr« 
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Although the heat transfer design point is defined by a hydraulic oil 
operating condition, the most severe structural environment occurs when the 
heat exchanger is operated as the lube oil cooler. Although operating points 
exist with higher hot fluid inlet temperatures than Condition 14, temperature 
level alone is not the determining factor of stress level. The combination 
of flow, temperature, and matrix temperatures for lube oil cooler operation 
at Condition 14 indicate the worst thermal stress condition, and thus the 
unit, which has been stressed to these levels, will be adequate at all other 
operating points. The structural design point is listed in Table 1 - 2 . 


TABLE 7-2 

LUBE/HYDRAULIC COOLER STRUCTURAL REQUIREMENTS 


Life: 1000 Start Stop Cycles 
Material: 347 Stainless Steel 
Operating Conditions: 


Hot Side 


Cold Si de 


Flui d 

Flow rate, Ib/min 
Inlet temperature, °R 
Outlet temperature, °R 
Inlet pressure, psia 


MIL-L-23699 Hydrogen 


469.7 


509.0 
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SPECIFICATION 


SSAPU REGENERATOR AND PREHEATER 


FUNCTION 

This heat exchanger is utilized in two different applications in the 
SSAPU propellant conditioning system. The use of one heat exchanger for two 
different applications was dictated by economic considerations. The preheater 
warms the cryogenic hydrogen to an acceptable temperature level such that, 
after passing through the regenerator, the hydrogen represents an acceptable 
temperature heat sink for the hydraulic oil. The heat source for the pre- 
heater is hot hydrogen from the recuperator. The regenerator cools the 
hydrogen after it has absorbed the hydraulic heat load, so that it is at a 
suitable temperature level to cool the lube oil. The heat sink in the regen- 
erator is the hydrogen outlet from the preheater. 

DESIGN POINT 

Table 7-3 lists the heat transfer design point for the preheater/regenerator 
design shown on drawing L-198786. The design point was established by system 
analysis, and represents a regenerator operating condition. This design is 
adequate for all preheater and regenerator operating points. 


TABLE 7-3 

PREHEATER/REGENERATOR HEAT TRANSFER DESIGN POINT 


Cold Side Hot Side 


Fluid 

Hydrogen 

Hydrogen 

Flow rate, Ib/min 

1 .026 

1.026 

Inlet temperature, °R 

88 

755 

Outlet temperature, °R 

400 

420 

Inlet pressure, psia 

600 

600 

Core pressure drop, psi 

0.0756 

0.0867 

Effectiveness 

0.468 

0.502 

Duct diameter, in. 

1.0 

1.0 


Total Heat Transferred, Btu/min 1237 
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DESCRIPTION 




» 


The preheater/regenerator is a tube and shell multipass crossflow heat 
exchanger. In the preheater configuration, the overall flow direction is 
counterflow, whereas in the regenerator application, the unit is operated in 
parallel flow. The heat exchanger, as shown on drawing 1-198786, has the 
following core geometry. 


Number of tubes 
Tube diameter 
Tube wall thickness 

Tube designation 

Inside 
Outsi de 


83 

0.125 in. 00 
0.008 in. 

DMP08 

125108 


The hydrogen inside the tubes makes a single pass through the heat 
exchanger, and the shell side hydrogen flows across the tube bundle six times. 
One header plate is fixed, and the other incorporates a sliding joing which 
eliminates thermal expansion problems. 

PERFORMANCE 


Figure 7-5 presents the hydrogen pressure drop of both sides of the heat 
exchanger. These prca^-e drops do not account for inlet and outlet manifold 
losses, and are thus representative of core and interna] turning losses only. 
Manifold losses are accounted for in the system program as a portion of the 
ducting losses. Figure 7-6 presents the heat transfer conductance fc hydrogen 
flowing on the two sides of the heat exchanger. The system program evaluates 
these conductances as a function of flow, corrects them for temperature and 
pressure dependent variations in physical properties, and then combines the 
corrected conductances on the two sides into an overall heat transfer conduc- 
tance for the heat exchanger at the particular operating point. This overall 
heat transfer conductance, the ratio of the weight flow-specific heat products, 
and the flow configuration (parallel or counter) uniquely determine the per- 
formance of the heat exchanger. 

DISCUSSION 

The AiResearch thermal analyzer urogram has been utilized to examine in 
detail the operating conditions of tin? preheater/regenerator. Two nodal models 
were utilized, each with a total of 232 nodes; one model was employed for the 
preheater (counterflow) configuration, and the other for the regenerator 
(parallel flow) application. Steady state operating conditions 14 and 158 
were examined and the results verified the performance and pressure drop pre- 
dicted by the system computer program from Figures 7-5 and 7 - 6 . The results of 
the thermal analyzer study were also utilized to define the structural require- 
ments of the heat exchanger. 


TOTAL-TO-TOTAL CORRECTED PRESSURE DROP (caP), PSI 





















Although the heat transfer design point is defined by a regenerator 
operating condition, the most severe structural environments occur when the 
heat exchanger is operated as the preheater. In Jefining the structural 
operating conditions, no-bypass operai’ij points were not considered. Although 
bypass operating points exist with nig jr hot fluid inlet temperatures than 
Condition 14, temperature level alone is not the determining factor of stress 
level. The combination of flow, temperature, and matrix temperatures for 
preheater operation at Condition 14 indicate the worst condition, and thus the 
unit, which has been stressed to these levels, will be adequate at all other 
operating points. The structural design point is listed In Table 7-4. 

TABLE 7-4 

PREHEATER /REGENERATOR STRUCTURAL REQUIREMENTS 


Life: 1000 Start Stop Cycles 
Material: 347 Stainless Steel 
Operating Conditions: 



Hot Side 

Cold Side 

Fluid 

Hydrogen 

Hydrogen 

Flow rate, Ib/mln 

7.693 

8.331 

Inlet temperature, °R 

1152 

55 

Outlet temperature, °R 

679 

426 

Inlet pressure, psia 

600 

600 


♦ 
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SPECIFICATION 

SSAPU TEMPERATURE EQUALIZER 

FUNCTION 5-1-73 

The hydrogen-oxygen temperature equalizer functions to bring the tempera- 
ture of the two propellant flows to nearly the same level at the inlet to the 
propellant flow control valves. This component tends to reduce the turndown 
ratio required for the reference APU system and may thereby facilitate system 
controllability. A vented buffer zone is provided between the hydrogen and 
oxygen passages, thus orecluding mixing of the two fluids in the unlikely 
event of a leak in one of the fluid passages. 

DESIGN POINT 

Table 7-5 lists the heat transfer design point the temperature equalizer 
design shown on drawing 159580. T he design point w ablished by system 
analysis, and the resulting design is adequate for < ! crating conditions. 

TABLE 7-5 

TEMPERATURE EQUALIZER HEAT TRANSFER DESIGN POINT 

Cold Side Hot Side 


Flui d 

Oxygen 

Hydrogen 

Flow rate, Ib/min 

6.034 

3.422 

Inlet temperature, °R 

300 

707.9 

Outlet temperature, °R 

661 .6 

, 688.6 

Inlet pressure, psia 

674.6 

507.4 

Core pressure drop, psl 

1 .50 

8.16 

Duct diameter, in. 

0.5 

1.0 


Total Heat Transferred, Btu/n.i n 


569 



The structural design point is listed in Table 7-6- This condition represents 
the worst case combination of pressures and temperatures. The equalizer has 
been designed to wi thstand the conditions of Table 7 - 6 . 

DESCRIPTION 



The temperature equalizer is an annular plate fin heat exchanger. Three 
concentric finned passages are provided. The inner passage carries the oxygen, 
and the outer the hydrogen. The middle passage separates the two fluids and 
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TABLE 7-6 

TEMPF'<AT'JRE EQUALIZER STRUCTURAL DESIGN POINT 


Li fe 

Materia I 

Hydrogen side operating pressure 
Hydrogen side proof pre' sure 
Oxygen side operating pressure 
Oxygen side proof pressure 
Hydrogen inlet temperature 
Oxygen inlet temperature 
Hydrogen outlet temperature 
Oxygen outlet temperature 


1000 start stop cycles 

347 stainless steel 

700 psi g 

I 050 psi a 

900 psig 

1350 psig 

700 - I 1 00°R 

275 - 56C°R 

680-11 00°R 

650-11 00°R 


\ 

) 

i 


I 


$ 

i 


is vented, thus providing a buffer zone between the two highly reactive fluids. 
The fin designation in the three passages is listed b. low: 

Oxygen fin 28R-0. 100-0. I (0)-.006 

Buffer fin 28R-0. 040-0. I (0) -.006 

Hydrogen fin 1 2R-0. 1 25-0.5(0)-. 006 

The heat exchanger is constructed of stainless steel, with the exception of 
the heat transfer fins, which are formed from copper. This fin material was 
selected from thermal performance optimization considerations. 

PERFORMANCE 


Figure 7-7 presents the pressure drop characteristic of both sides of the j 

heat exchanger. Figure 7-8 presents the corresponding heat transfer conductances. j 

The buffer passage conduction resistance has been combined with the oxygen j 

conductance. These curves represent the performance and pressure o. op utilized 
by the system performance program. j 


J 

\ 


♦ 
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PRELIMINARY SPECIFICATION 
SSAPU RECUPERATOR 

FUNCTION 

This heat exchanger operates with hydrogen on the cold side and turbine 
exhaust gas on the hot side. It serves to provide sufficient heat input into 
the cycle for propellant thermal conditioning and to improve cycle thermal 
efficiency by recovering waste heat from the turbine exhaust. 

DESIGN REQUIREMENTS 

Table 7-7 lists the design point for the heat exchanger design shown 

in Drawing No. L-198783. This design point was established by system analysis, 
and the resulting design is adequate for a 1 « operating points. 


TABLE 7-7 

RECUPERATOR DESIGN POINT 



Cold Side 

Hot Side 

Fluid 

Hydrogen 

Hydrogen- Steam 
(60-40 by Mass) 

Flow rate, Ib/min 

8.43 

u. n 

Inlet temperature, °R 

503 

1366 

Outlet temperature, 0;i . 

1122 

785* 

Inlet pressure, psia 

600 

16.8 

Core pressure drop, ps i 

1.8 

1.86 

Effect i veness 

0.717 

0.673 

Duct diameter, in. 

1.0 

4.0 

Total heat transferred, Btu/min 

18,059 



* Minimum allowable outlet temperature = 700°R 
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DESCRIPTION 


The recuperator is a box and U-tube design, as shown in Drawing No. 
L- 198783, with the following core geometry: 

Number of tubes 768 


Tube diameter 


0.125 in. 00 


Tube wall thickness 


0.010 in. 


Tube designation 

Ins ide DMP 08 

Outside 150100 

The exhaust gas from the turbine flows in a single pass through the shell 
side of the heat exchanger. This minimizes the pressure drop in the exhau.t 
gas stream. The hydrogen flows in cross counterflow through the tubes of t>'e 
unit. This flow arrangement allows the box structure to be lightly pressure- 
loaded by the exaust gas and the high pressure hydrogen is contained within 
the tubes of the heat exchanger. 

PERFORMANCE 


Figures 7-9 and 7-10 present the corrected pressure drop of the exhaust pro- 
ducts and hydrogen side, respectively. These pressure drops dc not account for 
inlet and outlet manifold losses, and are thus representative of core loss 
only. Manifold losses are accounted for in the system program as a portion of 
the ducting losses. Figures 7-11 and 7-12 present the heat transfer conductance 
for the exhaust gas and hydrogen sides of the heat exchanger, respectively as 
a function of flow. The system program evaluates these conductances as a 
function of flow, corrects them for *-emperature and prassure dependent vari- 
ations in physical properties, and t nen combines the conductances on the two 
sides into ar. overall heat transfer conductance for the recuperator at the 
particular operating point. This overall heat transfer conductance and the 
ratio of the weight flow-specific heat products uniquely determine the per- 
formance of the heat exchanger. 

DISCUSSION 

The AiResearch thermal analyzer program has been utilized to examine in 
detail the operating conditions of the recuperator. A nodal model utilizing 
144 metal and fluid nodes was used. The steady state operating conditions 
examined were numbers 14 and 158. In addition, the Start transient was ex- 
amined. The results of these studies verified the performance and pressure 
drop predicted by the system computer program from Figures 7-9 through 7-12. The 
results of the thermal analyzer study were also utilized to define the struc- 
tural requirements of the heat exchanger. 
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Figure 7-12. Hydrogen Heat Transfer Conductance of Recuperator 
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The nodal model indicates that all metal temperatures are above 700°R at 
condition I5B, and thus no water will be condensed from the exhaust products. 
At condition 14, approximately 12 percent of the matrix is below 700°R, and 
thus some condensation will occur. This condition will not impose operating 
penalties, and cannot cause freezeup on shutdown. The condensation occurs at 
the exit face of the core, and only over one-third of the tube length. The 
water condense 4 will be immediately carried downstream, and thus cannot fill 
the core. In addition, this operating condition represents sea level full 
power. In the unlikely event of shutdown from full power, the residual water 
will not be exposed to the hard vacuum of space and the attendant flash freez- 
i ng. 

Thus the recuperator preliminary design presented here is adequate in 
all respects for the intended application. 



7-23 


' -.'fV Ijf sgf&MnsiixMfrfreiw&ut- _* 


Test System Heat Exchangers 


This section summarizes the analyses performed to assure adequate per- 
formance and structural Integrity for the six heat exchangers contained in the 
system. Each of two of the heat exchangers is utilized in two separate loca- 
tions In the system, which was made possible by similarity of requirements. 

All heat exchangers were designed to conform to the specification presented 
in this section. 

System design iterations .— The heat exchangers described in this section 
represent the result of many design iterations. To define Individual require- 
ments, system operation must be investigated over a wide range of operating 
parameters. Representative heat exchangers are designed and the performance 
calculated. The performence characteristics are then Input to the APU system 
program, and many operating conditions are investigated. 

As system operating points that cause undesirable conditions are Identified, 
scaling factors may be utilized to modify the calculated heat exchanger per- 
formance. This procedure results in a new set of heat exchanger requirements. 

The heat exchangers are redesigned, the performance over a wide range of con- 
ditions calculated, and new inputs prepared for the system program. 

Design procedure . --The design of the heat exchangers is performed with the 
aid of standard computer programs. The allowable fluid pressure drops and the 
heat transfer required form the basis for the problem statement. The fluid 
flow rates and temperatures and pressures are also required conditions. 

The heat transfer and pressure loss characteristics of the many heat 
exchanger surfaces available at A {Research have been accumulated over may 
years of testing. These data have been complied and are stored hi computer 
data banks. 

Based on the input conditions, the design computer programs determine the 
heat exchanger required to satisfy the single operating point. During this 
design process, many solutions to the single-point operating condition are 
calculated. Each solution represents one combination of the many heat transfer 
surfaces available, allowing the most attractive to be selected. 

Once a particular heat exchanger has been selected for a given application, 
its performance ov**r the full range of operating parameters is required. 

Another type of computer program, performance prediction, is utilized to gen- 
erate the required information. 

In the performance prediction computer programs, the geometry of the heat 
exchanger and the pertinent characteristics of the surfaces are input. Fluid 
flow rates and temperature levels may be varied over any range desired. The 
performance at each operating condition specified is calculated and the result- 
ing performance map is utilized as input to the APU system program. 
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The next step in the design procedure occurs after the heat exchanger is 
determined acceptable for all system operating conditions. Thermal analyzer 
programs are utilized to investigate local phenomena in the heat exchanger 
core, such as congealing of oil, condensation of water from the exhaust pro- 
ducts, and the effects of flow maldistribution. In addition, local temperature 
levels and profiles used to determine thermal stress levels. At th*s stage In 
the design process, a layout drawing is prepared. 

A detailed stress analysis of the heat exchanger as depicted on the layout 
drawing is preformed. The conditions Investigated include proof and burst 
pressure, pressure cycling, flow-induced vibrations, and both steady-state and 
transient cyclic thermal stresses. The heat exchanger Is modified as necessary 
to withstand all Imposed loading. 

Upon completion of the above design procedures and approval following a 
design review, the heat exchanger detail drawings are made. 

Lube oil hydraulic oil cooler .— The test system lube/hydraul Ic oil cooler 
is shown in dwg. 159550. In this tube-and-shell , four-pass, cross- counterflow 
heat exchanger, the hydrogen flows Inside the tubes, and the oil flows across 
the tube bundle four times in an overall counterflow direction. The unit Is 
of all-stainless-steel brazed and welded construction. Since the unit does 
not experience the high temperature gradients of some of the remaining heat 
exchangers, it is a more conventional design. This type of construction Is 
typical of many oil cooling heat exchangers manufactured by AlResearch. 

The hydrogen flows inside the tubes for pressure containment reasons, and 
the lower pressure oils flow in the shell side. The tubes are periodically 
ring-dimpled for turbulence promotion, and are arranged In a staggered pattern 
with respect to oil flow direction. 

The lube/hydraulic oil cooler was modeled in detail in the thermal analyzer 
computer program. The nodal model employed is presented in fig. 7 _ 1 3 • The 
steady-state metal temperatures for two operating conditions are presented in 
tables 7-8 and 7-9. The solutions presented In table 7-8 Indicate the condi- 
tions that. exist when lube oil is the hot fluid. Table 7-9 presents the cor- 
responding information when the heat exchanger is utilized to cool hydraulic 
fluid. The inlet conditions, flow and temperature, are taken from the input 
of the APU system computer program. In addition to providing the metal tem- 
perature information, the steady-state solutions indicate that fluid outlet 
temperatures are in agreement with the system program. Thus, the detailed 
model for the thermal analyzer has verified the performance predictions of the 
other computer programs utilized. 

The lube/hydraulic oil cooler was structurally analyzed for pressure test, 
tube variation, and pressure-thermal cycle life requirements. The design shown 
in dwg. 159550 was found satisfactory for the structural loads encountered 
in the lube oil and hydraulic oil cooling applications. A summary of stresses, 
margins of safety, and cyclic life fraction summation are given in table 7-10. 
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Notes: 1. Node numbers listed; re+*r o ,.»tal matrix 

2. Oil and hydrogen streams have o corresponding number 
of nodes 

3. Oil is mixed between passes 


s - 81256 

Figure 7-1 3 . --Luts Oil and Hydraulic Fluid Coolers Nodal Model. 
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tabl: 7-8 

LUBE OIL COOLER METAL NODE STEADY -STATE SOLUTION 


Condition Condition 1 5B 


«'o. 

TfrtP. 

NODE NO. 

TCfiP. 

1 

450.81 

1 

540.48 

2 

4*2. 86 

5 

562.21 

3 

48U.77 

3 

561*27 

a 

0*6. 7* 

4 

597.26 

5 

“ 4*9. 1* 

5 

612.24 

t 


6 

625.97 

7 

4<>3,uS 

7 

636.23 

6 

o*»a.97 

8 

649.03 

9 

5*0.54 

4 

673.63 

10 

5*3.1* 

10 

683.34 

i 1 

5*5.61 

11 

691.40 

1? 

5*8.0° 

12 

6®8»»2 

i i 

5’ 1.3# 

13 

704.61 

• a 

513.93 

1* 

710.44 

IS 

St 6.4* 

IS 

715.50 

’ 6 

, 51 8,9* 

16 

719. «8 

<7 

4*0.17 

17 . 

534.10 

10 

o*2.06 

18 

555.56 

1 9 

4*3.91 

19 

574.64 

?r 

4*5. 73 

20 

591.66 

21 

0*9.24 

21 

613.20 

^2 

0*1.30 

22 

627.34 

?3 

«4J. 3* 

23 

639.95 

?« 

4*5.0? 

24 

6S0i98 

>5 

499. 9t 

25 

670.8® 

?fc 

5*2.36 

26 

680.50 

37 

5*4. /6 

27 

666.62 

30 

5*7.1? 

28 

695.75 

30 

511.7* 

29 

705.13 

*0 

Sto.oS 

30 

711.15 

31 

517.15 

31 

716.33 

3? 

519.7° 

32 

720.76 

S3 

474.71 

33 

529.12 

*« 

4*1.51 

34 

558.21 

x 5 

4*3.2* 

35 

569.36 

t* 

o*5.0l 

3* 

565.83 

1 7 

o*9.o3 

37 

614.61 

30 

491.64 

38 

629.32 

39 

4*3.6? 

39 

642.23 

CO 

495.47 

40 

653.42 

01 

4*9.34 

41 

668 . 48 

«2 

5*1.7? 

42 

678.05 

03 

s*4.01 

*3 

686.19 

00 

s*6.26 

44 

693.30 

05 

"■ 512.15 

45 

705.96 

06 

515.05 

46 

712.13 

/’ 7 

517.9* 

47 

717.40 

.8 

. 5?0 » 69 

48 

721.44 

L9 

478.89 

49 

520.69 

'0 

4*0.54 

50 

546,09 

51 

482.16 

51 

564.26 

52 

0*3.76 

52 

580.77 

53 

084.31 

53 

616.60 

So 

491.63 

54 

631.90 

55 

0*3.92 

55 

645.03 

56 

496.17 

56 

656.31 

57 

498.6? 

57 

666.55 

56 

500.63 

50 

675.99 

59 

5*3.03 

59 

684.24 

60 

5*5.18 

60 

691.29 

61 

512.37 

61 

70/. 22 

62 

515.44 

62 

713. SO 

6i 

518.46 

63 

716.81 

64 

521.01 

64 

723.26 


Fluid conditions 

Condition 1*> : Maximum power, 

sea level, 550°R bulk temperature 
of hydraul ic fluid 


Hot flow, lb/min 28.5 

T in, °R 611 

T out, ° R 532 

Cold flow, lb/min 8.33 
T in, °R 470 

T out, OR 508 

Condition 15B : idle power, 

altitude 

Hot flow, lb/min 28.5 

T in, °R 7kk 

T out, °R 663 

Cold flow, lb/min 1.17 
T in, OR 422 

T out, °R 706 


Note : See fig. 7-13 for node 

locations. 
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TABLE 


HYDRAULIC FLUID COOLER METAL 
Condition 1 A Condition 15B 


OJE NO. 

TEMP. 

N00E NO. 

TEMP. 

* 1 

474.98 

1 

604.07 

2 

477.56 

2 

622.24 

3 

480.06 

3 

636.75 

4 

_ 482.48 

a 

652.94 

5 

485.24 

5 

665.05 

6 

487.65 

6 

676.44 

7 

490.00 

7_ ... 

685.99 

a 

- 492.30 

8 

693.93 

V 

497.70 

9 

707.84 

10 

580.41 

10 _ 

713.31 

11 

503.04 

11 

717.73 

12 

505.59 

12 

721.31 

13 

506.49 

13 . 

724.14 

14 

511.02 

14 

726.79 

lb 

513.47 

15 

728.95 

16 

- Sib. 83 

16 

730. n 

17 

474.56 

17 

597.96 

Id 

477. 06 

18 

616.96 

19 

479.50 

19 

634.03 

20 

481,66 

20 

646.79 

21 

485.41 

21 

666.50 

22 

487.90 

.. 22 ... 

677.66 

23 

490,32 

23 

687.35 

24 

492.69 

24 

695.23 

25 

497.19 

. 25 

706.57 

26 

499.61 

26 

712.16 

27 

502.36 

27 

716.70 

2S 

_ 504.84 

. 28 _ 

720.39 

29 

508.69 

29 

724.43 

30 

511.30 

30 

727.09 

31 

513.83 

_ 31 

729.24 

32 

516.27 

32 

730.99 

33 

474.17 

33 

591.98 

34 

476,58 

34 

611.69 

35 

476.95 

35 

629.29 

36 

481.26 

36 

644.57 

37 

485.59 

... 37 _ . . 

666.08 

36 

488.16 

38 

679.39 

39 

490.66 

39 

666.60 

40 

_ 493.10 

. 40 

696.57 

41 

496,76 

41 

705.35 

42 

499.30 

42 

711.05 

43 

501.78 

43 

715.70 

44 

504.19 

A* 

719. b0 

4b 

SOB. 92 

05 

724.76 

4b 

511.61 

46 

727.42 

47 

514.22 

47 

724.56 

40 

516.73 

48 

731.29 

49 

473.76 

49 

566.29 

50 

476.11 

50 

606* 66 

51 

476.42 

51 

624.66 

52 

, 480.66 

52 

640.40 

53 

485.80 

53 

669.65 

54 

486.45 

54 

681.06 

55 

491.03 

55 

690,36 

bo 

493.54 

56 

697.99 

57 

496.36 

57 

704.22 

56 

498.83 

58 . 

709.99 

59 

501.23 

59 

714.74 

60 

. 503.57 

60 

716,64 

61 

509,22 

61 . 

725.14 

62 

512.01 

62 

727.76 

63 

514.68 

63 

729.90 

64 

517.29 

64 . 

731.60 
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NODE STEADY-STATE SOLUTION 
Fluid conditions 

Condition 1A : Maximum power, 

sea level, 550°R bulk temperature 
of hydraul ic fluid 


Hot flow, lb/min 57 

T in, OR 596 

T out, o R 539 

Cold flow, lb/min 8.33 
T in, °R kSO 

T out, °R 505 

Condition 1 5B : Idle power, 

a 1 1 i tude 

Hot flow, lb/min 57 

T in, °R 738 

T out, °R 698 

Cold flow, lb/min 1.17 
T in, or 397 

T out, or 735 

Note : See fig. 7 - 1 3 for node 

locations . 
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TABLE 7-10 

SUMMARY CF LUBE/HY0&AUL I C OIL COOLER STRESSES 


Part names and 
numbers 

Design condition 

Stress, 

ksi 

A 1 lowables , 
ksi 

M.S. or 
£ n/N* * 

Tubes at dimples 

Proof pressure, 
900 psi 

38.7 

32.0 typical 
at 150°F 

- 0 . 1 / 2 * 


Vi bratory 
Pressure-thermal 
cycl ing ( 1000 ) 

2 . 1 * 

29.8 


0.50 

Header plate 

Proof pressure, 
900 psi 

32.5 

32.0 

-0.015 


Pres sure- thermal 
cycl ing ( 1000 ) 

36.1 


0 .-0003 
£71 /N 

Head manifold 

Proof pressure, 
900 psi 

26.8 

32.0 

0.196 


Pressure thermal 
cycl ing ( 1000 ) 

30.2 


- 0.00 

Housing case 

Proof pressure, 
300 psi 

10.8 

32.0 

1.97 


-See discussion on page 7-2. 


: ’ : The cyclic life fraction summation is an application of Miner's rule, where 
n is the required number of cycles at a given applied load and N is the 
expected cyclic life at this load. 


The oil cooler structural design is controlled by the proof pressure 
requirement of 300 psig on the oil side and 900 psig on the hydrogen side. 
AiResearch computer program XO 56 O (used for analysis of shel 1 -and-tube heat 
exchangers) was used to determine the pressure stresses. The analysis was 
based on pressure test of each heat exchanger flow circuit with the other 
circuit unpressurized. Results of the analysis show that the material yield 
strength is slightly exceeded at the center of the header plates and at the 
dimples adjacent to the header plates in tubes closest to the shell. These 
stresses are very localized and are considered acceptable. The header plate 
cyclic life fraction is very low and indicates a high margin of safety. The 
tube dimple stress of 38.7 ksi resulted from application of a stress concentra- 
tion factor of 2.5, which was used for the dimple throughout the analysis and 
is appropriate for fatigue and cycle life calculations. However, the use of 
this factor in the proof pressure stress is conservative, and on the basis of 
experience, the tubes are considered structurally satisfactory. 
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Calculated fatigue damage resulting from 1000 pressure-thermal cycles and 
vibratory loading indicates a high margin of safety for the oil cooler. Acoustic 
noise and tube vibration levels for this unit are low. 

Recuperator. --The recuperator, shown in dwg. 159560, is a tubular two- pas s , 
cross -counterflow design of alt stainless steel brazed and welded construction. 
The hot-fluid, turbine exhaust products flow across the tubes once to minimize 
pressure drop, and the hydrogen makes two passes through the tubes. Due to the 
large pressure and temperature differentials between the two fluids, a U-tube 
design was selected to minimize thermal stresses. 

The tubes are dimpled periodically in the straight heat transfer sections 
to promote turbulence in the hydrogen. The U-bends are not dimpled. With this 
arrangement, the majority of the pressure drop occurs in the dimpled sections, 
and the unequal flow lengths in the U bends do not adversely affect flow dis- 
tribution. The tubes are arranged in a staggered pattern with respect to 
exhaust gas flow so that there is direct impingement on every tube, thus maxi- 
mizing the heat transfer coefficient. Five sound suppression baffles installed 
in the unit to eliminate acoustic noise caused by vortex shedding from the 
individual tubes. 

Since the recuperator experiences the most severe high-temperature 
thermal environment of any heat exchangers in the system, the thermal analyzer 
computer program was utilized to investigate both steady-state and transient 
operating conditions. The model utilized is presented in fig. 7~l4. 1° 

addition to the nodes, this model also utilized sections. The average temper- 
ature of each section and the sect ion-to-sect ion temperature differences are 
of prime interest in the U-tube design. These values dictate the differential 
thermal expansion, and thus the bending stresses. The results list section 
temperatures in addition to the node temperatures at the end of each section. 

Table 7~11 presents the metal matrix temperatures for two steady-state 
operating conditions. These conditions represent the extremes of operation, 
full power and idle. 

The sea level maximum power condition indicates that the metal temperatures 
in approximately 6 percent of the core are such that condensation of water may 
occur. This is not considered a serious condition because condensation will 
occur only at the exhaust products exit face, and any water will be carried 
out of the unit. In addition, if a sudden shutdown were to occur, there would 
be no freezing because the remaining water is exposed to 14.7 psia. 

A worst-case start transient was also investigated. The transient con- 
ditions and metal temperatures are presented in table 7~ 12. The transient 
conditions assumed constitute the most severe environment in that instantaneous 
attainment of flow and temperature are assumed at zero time. The gas outlet 
temperatures during the transient are plotted in fig. 7-15* The sudden temper- 
ature change at 0.8 sec is caused by the exhaust products flow rate change. 

This characteristic has been essentially duplicated by the APU system 
computer program. 
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Figure l~\k . --Recuperator Nodai Model 




TABLE 7-11 

RECUPERATOR STEADY-STATE 
THERMAL ANALYZER SOLUTIONS 


Condition 14 ICondttion 15 



• A1 1 temperatures are 
metal temperatures in °R. 

• Temperatures for sections 
are average values. 

® Temperatures for nodes 
pertain to the node point 

• Condi tion 14; 

Maximum power 

Sea level 

550°R hydraulic fluid 

• Condition 15B 

Idle power 

Altitude 

750°R hydraulic fluid 


Node 


42 

30 
18 

6 

7 

19 

31 

43 
37 
25 
13 

1 

12 

24 

36 

48 


H„ flow 


H„ temp 

H, temp 
i. ^ o 
out, 

Exhaust 
products 
flow, 
lb/mln 

Exhaust 
products 
temp i 

Exhaust 
products 
temp out 


1 Temperature, °R 1 

Condition 14 

Condition 15 

779 

1353 

824 

1362 

873 

1367 

925 

1369 

951 

1368 

940 

1368 

952 

1368 

996 

1370 

604 

934 

641 

998 

692 

1080 

767 

1 187 

1111 

1377 

1146 

1377 

1194 

1377 

1254 

1377 




























The recuperator was analyzed for loads imposed by temperature, pressure, 
and acoustic vibration of the tubes. Preliminary designs and subsequent 
analysis led to the structural configuration of dwg. 159560, which meets the 
specified operational and test requirements. Each of the heat exchanger flow 
circuits was analyzed for the proof pressure at the maximum temperature con- 
dition. Calculated stresses and margins of safety are summarized in table 7~ 1 3 - 

A minimum U-tube bend radius of 1.50 in. was established to achieve a 
thermal stress level of 17-0 ks i at the first dimple, which is 0.75 in. away 
from the supporting plate adjacent to the bend. The analysis indicates that 
the cantilevered U-hend portions of the tubes may require lateral support for 
flight use to reduce vibration response. 

Structural design of the hydrogen manifold region of the heat exchanger 
was dictated by pressure containment and thermal deformation. The cylindrical 
inlet and outlet manifolds are used to obtain acceptable pressure and thermal 
stresses. Direct attachment between manifolds was avoided, and attachment of 
the manifolds to the shell is by centrally located welds that allow for 
longitudinal thermal expansion. The shell structure surrounding the manifolds 
has the flexibility necessary to accommodate the required thermal deformation. 
Reduced stresses around the hydrogen inlet and outlet duct penetrations of the 
shell are obtained by the use of doublers. 

Four beads on the side plates in the direction of the tubes are necessary. 
These beads are tied into the tube support plates to provide a structure that 
will withstand external collapsing pressure loads. The side plates fit closely 
to hydrogen manifolds, but are not attached to avoid thermal loads. 

Bidirectional reinforcement of the combustion product ducts also was 
required to resist external pressure and buckling. 

The entering combustion products are near sonic velocity and cause noise 
and vibration excitation of the tubes. Vortex shedding frequency is estimated 
as high as 67,000 Hz. This excites transverse vibration of the gas column and 
presents an acoustic noise problem. To eliminate it completely, 16 baffles 
(almost one per tube row) would be required. Five baffles are installed in 
the present design to suppress the audible noise. At least three times as 
many supporting plates are needed to eliminate tube vibration. With five 
supporting plates, the tubes vibrate in the fundamental mode under operating 
conditions with a 1.0 ks i bending stress at 210 g's. This corresponds to a 
small, acceptable displacement. 

Preheater/Regenerator . --The preheater/regenerator, as shown in dwg. 159570, 
is of tube-and-shel 1 , all-stainless-steel, brazed-and-welded construction. The 
lirge temperature differences between the tube and shell sides necessitated 
special provisions for thermal growth. Therefore, a beilows assembly has been 
incorporated in the unit. The colder hydrogen flows inside of the tube in both 
applications. The warmer hydrogen makes six passes across the tube bundle. 

The overall flow direction is cross-counterflow for the preheater and cross- 
parallel for the regenerator. 
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TABLE 7-13 
SUMMARY OF STRESSES 


Part names and numbers 

Design 
cond i t ions 

Stresses , 
ks i 

A1 lowable cr f 
or 1 i fe N 

M. S. 

U-tubes 

Proof pressure, 
900 psig 

11.50 

20.00(1 100°F) 

0.74 


Thermal stress 
Vibratory stress 

17-00 

8.69 


<0.30* 

Head pan assembly 

Proof pressure, 
900 psig 

17-71 

21 . 50(800°F) 

1 .214 


Thermal stress 

10.15 

N high** 


Side plate assembly 

Proof, 14.7 nsi 
external 

10.91 

20.0(1 1 00°F) 

0.83 


Thermal stress 

A. 28 

N high** 


Return cap 

Proof, 1 4 . 7 ps 1 
external 

2.46 

21.5(800°F) 

High 

Combustion product ducts 

Proof, 14.7 psi 
external 

11.20 

20.0(1 100°F) 

0.79 


--From the Modified Goodman diagram 
**N » Allowable number of cycles at the given condition 
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The heat transfer design point occurs at a regenerator operating condition, 
whereas the most severe thermal environments exist when the heat exchanger is 
operated as the preheater. 

This unit also was investigated in detail by use of the thermal analyzer 
computer program. Since the start and power change transients are expected 
to be much slower than the recuperator, only steady-state operating cond : tions 
were investigated. The nodal models ut : li:;ed are depicted in figs. 7'16 and 
7“ 1 7 * The two models are essentially the same, except for the direction of 
shell-side fluid flow with respect to the flow inside of the tubes. 

The steady-state results at both maximum power and idle when the unit is 
operated as the recuperator are presented in table 7 - 1 1* . The temperature 
difference between various portions of the core are not ext.emely large. 

The corresponding solutions when the unit is operated as the preheater 
are given in table 7~ 1 5 - The temperature gradients are much greater for this 
mode of operation. These gradients necessitated the use of a bellows to com- 
pensate for the differential thermal expansion between the tube bundle and 
the shell, which operates at essentially hot fluid temperature. 

The more severe pressure and temperature requirements of the preheater 
were used in the stress analysis. The analysis considered the proof and 
burst pressure conditions at temperature as well as the 1000 start-stop life 
cycle requirement. The analysis indicates that the design shown in dwg. 159570 
will meet the specified structural requirements. 

The tubular heat exchanger with a cylindrical shell and hemispherical caps 
is a configuration well suited for pressure containment. The design pressures 
and allowable stresses at temperature are shown in table 7"l6. The allowable 
stresses are AiResearch-establ ished minimums for type-347 stainless steel. 
Calculated stress conditions are shown in table 7“17 for proof and burst 
pressures . 

The large temperature difference between the tube bundle and the shell 
dictated the structural design with a floating header and a bellows seal. The 
normal operating stresses in the tube bundle are low, and the shell is the 
primary structural cors i derat ion . The heat exchanger was analyzed for the 
specified operating conditions 1 4 and 15B, as shown in table 7 - 18 . 

A computer program for static analysis of thin elastic shells of revolution 
was used to calculate the thermal stresses in the shell and the cap. Only one- 
half of the shell and one cap were analyzed, because the shell is considered 
free to grow radially at its centerline, and the slope is considered as fixed 
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Notes: 1. Node numbers refer to metal matrix 

2. Each hydrogen fluid stream has a 
corresponding number of nodes 

3. Shell fluid is mixed between each pass 



TABLE 7-14 


REGENERATOR METAL NODE STEADY-STATE SOLUTION 


Cond 

ition 14 

Condition 1 SB 

NODE SO. 

TEMP. 

NOOE SO. 

TEMP. 

t 

458.86 

1 

454.45 

2 

461.27 

2 

444.56 

3 

463.54 

3 

466.74 

4 

463.65 

4 

454.43 

5 

465.36 

5 

463.52 

6 

466.94 

6 

473.40 

7 

461.85 

7 

411.37 _ 

8 

462.98 

8 

416.10 

9 

464.04 

9 

424. as 

10 

_ 464.13 . 

10 _ 

422. 45_ 

1 1 

464.92 

11 

425.95 

u 

465,06 

12 

429.09 

13 

463.42 

13 

416.65 

14 

463.93 

14 

416.29 

lb 

464.42 

15 

419.83 

.16 

463.79 

16 

417.46 

17 

4o4.14 

17 

418.28 

18 

464.48 

18 

419.05 

19 

460.59 

19 

497.10 

20 

462.93 

20 

488,66 

21 

465.21 

21 

489.27 

22 

462.71 

22 

436.476 

23 

464. 37 

23 

448.28 

24 

465.94 

24 

458.91 

23 

-- «62.bl 

25 

415. 62_ 

2b 

463.74 

2o 

422.92 

2/ 

464.00 

27 

429.69 

28 

463.73 

28 . 

418.79 

29 

464.50 

29 

422.40 

30 

465.23 

30 

425.67 

31 * 

463.77 

31 

417.24 

32 

464.29 

32 

418.98 

33 

464.78 

33 

420.57 

3« 

464.09 

__ 34 _ 

417.67 

3b 

464.44 

35 

416.72 

36 

464.77 

36 

419.50 

37 

462.34 

37 

523.43 

3o 

464,68 

38 

514.32 

39 

466.95 

39 

514.16 

40 

461,63 

__ «0 _ 

425.13 

«1 

463.47 

41 

435.62 

42 

465.03 

42 

446.99 

43 

463.43 

43 

422.84 

44 

464.56 

44 

429.62 

4b 

465.62 

45 

436.37 

46 

•63.38 

46 

416.77 

47 

464.14 

47 

420.33 

46 

464,85 

48 

423.56 

49 

464,16 

49 

416.96 

30 

464.68 

50 

420.66 

bl 

465.17 

51 

422.19 

b2 

464,42 

52 

• 19.03 

S3 

464.77 

53 

414,8) 

54 

465.10 

54 

420.52 

55 

464,18 

55 

551.30 

56 

460,52 

56 

541.75 

57 

468.78 

57 

540.91 . 

58 . 

461,0* 

56 

414,08 

59 

462.65 

59 

425.06 

60 

464.19 

60 

436.57 

61 

464.30 

61 

430.66 

62 

465.43 

62 

437.39 

63 

466.49 

63 

443.60 

64 

463.09 

_ 64 

4t5.«0 

65 

463.83 

65 

418.93 

66 

464,53 

66 

422.08 

67 

464,60 

67 

421.07 

68 

465.11 

68 

422. e6 

69 

465.69 

69 

424.11 

70 

464.78 

70 

420,91 

71 

465,12 

71 

421,09 

72 

465.44 

72 

42). 71 


Fluid conditions 


Condition 14: Maximum Dower. 

sea level, 550°R bulk temperat 

of hydraulic fluid. 


Hot flow, lb/min 

8.33 

T i n, °R 

505 

T out. °R 

469 

Cold flow, lb/min 

8.33 

T in ,°R 

426 

T out,°R 

461 

Condition 15B: Idle 

power, 

a 1 1 i tude 


Hot flow, lb/min 

1.17 

T i n ,°R 

716 

T out.°R 

422 

Cold *low, lb/min 

1.17 

T in,°R 

140 

T out, °R 

416 

Note: S** Fiq. 7 _|fi 

for node 

locat ions . 



v. 
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TABLE 7-15 

PREHEATER METAL NODE STEADY-STATE SOLUTION 



Condition 14 


UQBE NO. 

TENR. 

1 

410.71 

2 

194.67 

1 

193.41 

4 

476.37 

5 

501.52 

6 

496.29 

7 

493.44 

6 

305.62 

9 

507.36 

10 

610*24 

11 

636.68 

12 

646.49 

11 

670.29 

14 

685.23 

13 

697.67 

1* 

775. 4S 

17 

791.37 

16 

608.70 

19 

454.15 

20 

413.62 

21 

•oa.io 

22 

486.40 

21 

486.62 

24 

482.64 

25 

326.10 

26 

521.11 

27 

321.49 

26 

609.09 

29 

615.66 

10 

625.18 

31 

667.26 

32 

700.42 

J 1 

712.64 

34 

797.17 

15 

811.46 

36 

826.07 

17 

"66.02 

38 

428.67 

19 

421.69 

44 

470.62 

«1 

471.77 

42 

466.06 

41 

341.19 

44 

537.77 

4b 

517.19 

40 

590.41 

47 

597.96 

48 

607.88 

49 

707.62 

50 

720.15 

51 

711.94 

5 i 

619.71 

51 

811.40 

54 

847.42 

55 

478.32 

5o 

442.42 

57 

436.18 

5ft 

436.19 

59 

457.28 

60 

454.05 

61 

561.12 

62 

555.10 

61 

554.17 

64 

372.90 

65 

581.23 

66 

591.68 

67 

729.17 

68 

741.13 

69 

7S2.20 

70 

841,48 

71 

656.47 

72 

869.81 


Condition 

-155. 

N00E NO. 

TEH6. 

1 

56.25 

2 

" 56.44 

1 

56.66 

4 

61.27 

5 

~ 61.85 

6 

62.41 

7 

61. «7 

__ § 

64.60 

9 

65.40 

to 

84.02 

11 

87 .97 

12 

89.40 

11 

97.70 

14 

100.02 

15 

102.88 

16 

184.91 

17 

187.53 

18 

199.64 

19 

56.60 

- 20 

56,83 

21 

57.07 

22 

60.20 

23 - 

~ 60.80 

24 

61.13 

25 

64.93 

26 

" 65.76 

27 

66.62 

28 

80.17 

29 

81.99 

30 

83.47 

31 

106.41 

32 

109.85 

33 

ltl.10 

34 

216.81 

35 

234.48 

36 

245.75 

37 

57.05 

38 

57.12 " 

39 

57.59 

60 

59.46 

41 

- 59.98 

42 

60.47 

43 

66.49 

44 

‘67 .42 

45 

68.31 

46 

76.43 

' 47 

77.91 

68 

79.35 

49 

121.69 

50 

124.56 

51 

126.68 

52 

266.08 

53 

303.02 

54 

311.12 

55 

57.6! 

56 

“57.92 

57 

58.21 

58 

58.94 

59 

59.36 

60 

59.63 

61 

68.71 

62 

69.69 

61 

70.64 

64 

71.51 

65 

74.87 

66 

76.16 

67 

148.13 

68 

147.20 

69 

152.52 

70 

366.86 

71 

396.60 

72 

395,86 


7-48 


Fluid conditions 


Condition 14 : Maximum power, 

sea level, 550°R bulk temperature 
of hydraul ic fluid. 


Hot flow.lb/mln 7.69 

T i n,°R 1152 

T out, °R 561 

Cold flow,lb/min 8.33 

T in,°R 55 

T out, °R 555 

Qond it ion 15B : Idle power, 

altitude 

Hot flow, lb/mi n 0.147 

T i n ,°R 875 

T out , °R 59 

Cold flow, lb/mi n 1.17 

T in,°R 55 

Tout,°R 148 


Note: ,See Fig. 7“1 7 for node 
locations. 
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TABLE 7-16 
ALLOWABLE STRESSES 




* 




Load conditions 


Operat i ng 

Proof 

Burst 

Cold cap and tube pressure, psig 

700 

1050* 

1750 

Hot shell pressure, psig 

600 to 700 

900 to 1050 

1500 to 1750 

Ap across passes, psig 

100 

150 

250 

Type 347 stainless steel at 630°F, 


21.5 


F ty ksi 




Type 347 stainless steel at 630°F, 



57-0 

F tu ksi 





-•Proof pressure revised to 900 psig after completion of analysis. 


1 

i 

TABLE 7-17 | 

I 

CALCULATED STRESS CONDITIONS j 



Tubes 

— 

Cylindrical shell 

Spherical caps 

Test i ng cond i t ion 

Proof 

Burst 

Proof 

Burst 

Proof 

Burst 

Pressure, psig 

1 050 * 

1750 

1 050 * 

1750 

1050 * 

1750 

O 

TemDerature, F 

360 

360 

630 

630 

630 

630 

Allowable stress, ksi 

24.0 

60.0 

21 .5 

O 

in 

21.5 

57.0 

Tanqent'al stress, ksi 

16.4 

17.6 

13.65 

22.6 

11.0 

18.3 

Meridianal stress, ksi 

21 .2 

35.3 

7.0 

1 1 .0 

7.8 

1 1 .0 

Axial load, lb/tube 

14.5 






Critical buck! ing, 

1 b/tube 



66.0 







-Proof pressure revised to 900 psig after completion of analysis. 


J 
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TABLE 7-18 
OPERATING CONDITIONS 



Cond i t ion 




14 

1 5 B 

Hot Flow, Ib/min 

7-693 

0.147 

Tin- ° R 

1152 

875 

T 0 ut* R 

560.5 

59.1 

Pressure, psig 

460 to 560 

463 to 560 

Co 1 d F 1 ow , 1 b/m i n 

8.331 

1.168 

Tin, ° R 

55 

55 

Tout* R 

554.8 

148 

Pressure, psig 

560 

560 


at the longitudinal midooint (the shell is symmetric). The dimensions and 
temperature profile of this shell-cap structure are shown in fig. 7*18. The 
stresses for the shell and cap are plotted in figs. 7“19 and 7“20. The stress 
of 42.2 ks i at the joint of the branch duct and the shell is a theoretical 
value. This theoretical stress is very local ized and may be regarded as a 
"singular point" of the computer model that will have a 14. 2-ks i stress in 
the fabricated part. The joint at the branch duct, duct, and sphere will have 
an equivalent thickness of 3 times the 0.08 in. and a stress concentration 
factor = 3. Therefore, the stress at this point will be 14.2 ksi instead 

of 42.5 ksi. Also, at one-half the shell thickness (X = 0.062 in.) from the 
joint, the meridianal stress in the branch duct has been reduced to 21 ksi. 

The maximum stress in this shell cap structure is the meridianal stress in the 
spherical shell at its joint to the duct, where the stress is 26.0 ksi. The 
number of cycles that type 347 stainless steel can take at 26.0 ksi at 630°F 

operating temperature should be more than 10^ cycles; this provides a good 

3 

margin of safety over the required thermal and pressure cycles of 10 cycles. 


Temperature equalizer . — The temperature equalizer shown In dwg. 159580 is 
of a specialized type of plate-fin construction, with annular passages. A 
vented buffer zone is included between the oxygen and hydrogen p«.--ages to 
prevent mixing of the fluids in the event of a leak. The heat exc s anger is of 
al 1 -stainless-steel , brazed-and-wel ded construction. The alternate tubes and 
fin layers are assembled and then brazed to form a single unit, which is then 
pressure tested. Upon completion of leak checks, the. manifolds are welded on, 
completing the assembly. 
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Figure 7-18. — Preheater Stress Model. 
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The pure parallel configuration of the temperature equalizer greatly 
simplifies the thermal analysis. All temperature gradients are linear and are 
estimated based on the relative magnitude of the heat transfer coefficients 
and the conduction resistances of the walls and buffer zone. Since no circum- 
ferential temperature gradients exist, the calculation of temperature distri- 
bution within the equalizer is relatively straightforward, and the use of the 
thermal analyzer computer program is not required. 

The stress analysis of the temperature equalizer considered the loads 
imposed by pressure, temperature, and duct interface connections. The con- 
figuration and construction shown in dwg. 159580 were determined satisfactory 
for the specified loading conditions. Thermal stresses are summarized in 
tables 7-19 and 7~20, and pressure stresses are summarized In table 7“21 . 

The unit was analyzed for a proof pressure of 1050 psi at 250°F on the 
hydrogen side and 1350 psi on the oxygen side. The design was based on proof 
pressure rather than burst because the ratio of ul timate-to-y iel d stresses 
for type-347 stainless steel is larger than the ratio of ul timate-to-y ie.l d 
stresses for type-347 stainless steel is larger than the ratio of burst.-to- 
proof pressure factors. Each side is considered pressurized while the other 
is at atmospheric pressure. Calculated stresses not exceeding 80 percent of 
the material yield stress were used as design criteria. 

The 0 .040-in . -thi ck inner shell is not loaded by pressure because the 
central cavity is vented to the oxygen flow passage. The 0.06?-in . -thi ck 
outer shell is loaded by internal pressure only. 

The buffer passage tube comprises two concentric cylindrical shells sep- 
arated by fins and rings, and can be considered as a structure that can be 
under either external or internal pressure. Critical (buckling) pressure for 
the entire tube is in excess of the proof pressure. The actual hoop stress 
in the tube has a margin of safety of 0.74. 


7-54 









TABLE 7-19 


MAXIMUM PROOF PRESSURE STRESSES AND MARGIN OF SAFETY 
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TABLE 7-20 


SHELL MAXIMUM THERMAL STRESSES AND LIFE 



Mer idonal 
stress, 
(psi) 

Hoop 
stress 
\ (psi 

Combined stress,. 
- cji - a 1 a 2 + 

1 

L i f e* 


+33,000 

+47,200 

42,000 

Approximately 
600,000 cycles 

Oxygen 
s ide 

+1 1 ,060 

+9700 

10,500 

Infinite 

Hydrogen 

side 

-7000 

-18,350 

16,000 

Infinite 

Outer shel 1 

-14,300 

-30,900 

26 JO 

Infinite 


*Based on elastic-plastic analysis, usir.c Wetrol -Morrow method (AiResearch 
computer program X0870) for type 347 stainless steel brazed at 200°F ( R -0) 


TABLE 7-21 

FIN MAXIMUM STRESSES AND LIFE 



Di rect 
stress , 
a 1 (psi) 

Shnar 
stress , 

T (psi) 


L i fe** 

Oxygen fin, 

$7053 

12,160 

6900 

17,000 

Infinite 

Buffer fin, 

s 7052 

13,700 

8600 

20,000 

Infinite 

Hydrogen fin, 
S7051 

21 ,400 

14,300 

32,800 

Approximately 
100,000 cycles 


**Based on fatigue data for OFHC copper (R ■ -l), from Cryogenic Matls. Data 
Handbook, by Air Force Matls. Lab., Wright-Patterson AFB, Ohio, 
AFML-TDR-64-280. 
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Thermal analysis .— The thermal stress analysis is based on the temperature 
distribution shown in fig. 7 - 21 . To simplify the calculations, average shell 
metal temperatures were used. The analysis was concentrated around the oxygen 
and hydrogen inlet end of the equalizer because the temperature differences 
are the largest in this area. A radial and a longitudinal analysis were per- 
formed; the results are combined and shown in tables 7~20 and 7~21 . A model 
for the radial analysis was constructed as shown below: 



Model for radial analysis 


s-81352 


Where K 1 , K^, and represent the radial spring rates of the shells starting 

from the inside shell, and K^, ^3 an< * ^34 represent the spring rates of oxygen, 

buffer, and hydrogen fins, respectively. At operating temperature, each of 
these seven component springs will undergo some thermal expansion and an equi- 
librium will be reached. The difference between unrestricted length and length 
at equilibrium is necessary to calculate hoop stresses, and ultimately the 
cycl i c 1 ? fe. 

In a *milar manner, the longitudinal analysis was performed. The model 
for the ana ysis is shown below: 
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Where K^, K^, K^, and represent the longitudinal spring rates of the 
inner, tube (oxygen side, hydrogen side), and outer shell, respectively. 

As shown in table 7"21». the hydrogen fin is the weakest component. This 
determines the life of the unit, which is predicted to be approximately 10,000 
cycles from room temperature, to the operating temperatures shown in fig. 7-21. 


Hydrogen 



Figure 7-21 . --Tempera tu^e Distribution Used in the Stress Analysis 

of the Hydrogen/Oxygen Temperature Equalizer (NASA APU, 
Space Shuttle), 
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SECTION 8 

RESULTS AND CONCLUSIONS 
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RESULTS AND CONCLUSIONS 


Early studies of the NASA initial reference system (with jet pump) shelved 
that, although the system was sensitive to component design and jet pump pre- 
dicted performance, a system could be designed to meet program objectives. The 
NASA-directed feasibility analysis of an alternate APU system (without jet pump) 
showed, based principally upon steady-state comp ter modeling, that such a 
system also could meet the program objectives without the ur<certaint ies 
associated with the prediction of jet pump performance. Further dynamic modeling 
and computer analysis resulted in minor system design changes and demonstrated 
analytically the feasibility of controlling the al ternate wi th i n the desired 
limits. A mathematical model of the required controls was prepared and converted 
into a breadboard design for test and development of the test system. 


The APU turbine design initially was envisioned to be essentially 
flight-type hardware. All anticipated design problems were solved. A major 
design effort was required for resolution of heat soakback and thermal tran- 
sients. The resulting design was evaluated in regard to the test requirements 
of this technology program. This evaluation resulted in the decision by NASA 
‘o simplify the turbine design by deviating from some flight requirements to 
obtain a simpler and less costly development program. To this end, design 
changes were made without compromising the program test objectives. The 
resulting design has a speed of 63,000 rpm at a TIT of I960 R, but can be 
retrofitted with higher performance turbine wheels at 2060 R and 70,000 rpm. 
The test gearbox design is a workhorse unit and is of secondary interest. 


In the design of the heat exchangers it was found that the same mechanical 
design could be used for the hydrogen preheater and hydrogen regenerator, 
although the preheater is a counterflow installation and the regenerator a 
parallel flow installation. The same mechanical design also was used for the 
hydraulic and lube oil coolers. Due to high anticipated thermal stresses, 
the recuperator design uses a U-tube approach. Manulacturi ng drawings were 
completed for the test system components, and no unique or unusual designs were 
required to achieve design goals. 

Early testing of the combustor showed its p 'ormance to be high and its 
operational characteristics very satisfactory. 


4 ! 
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